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Abstract
Diabetic neuropathy is a common complication of diabetes mellitus with over half of all patients
developing neuropathy symptoms due to sensory nerve damage. Diabetes-induced hyperglycemia
leads to the accelerated production of advanced glycation end products (AGEs) that alter proteins,
thereby leading to neuronal dysfunction. The glyoxalase enzyme system, specifically glyoxalase I
(GLO1), is responsible for detoxifying precursors of AGEs, such as methylglyoxal and other
reactive dicarbonyls. The purpose of our studies was to determine if expression differences of
GLO1 may play a role in the development of diabetic sensory neuropathy. BALB/cJ mice
naturally express low levels of GLO1, while BALB/cByJ express approximately 10-fold higher
levels on a similar genetic background due to increased copy numbers of GLO1. Five weeks
following STZ injection, diabetic BALB/cJ mice developed a 68% increase in mechanical
thresholds, characteristic of insensate neuropathy or loss of mechanical sensitivity. This behavior
change correlated with a 38% reduction in intraepidermal nerve fiber density (IENFD). Diabetic
BALB/cJ mice also had reduced expression of mitochondrial oxidative phosphorylation proteins
in Complex I and V by 83% and 47%, respectively. Conversely, diabetic BALB/cByJ mice did not
develop signs of neuropathy, changes in IENFD, or alterations in mitochondrial protein
expression. Reduced expression of GLO1 paired with diabetes-induced hyperglycemia may lead to
neuronal mitochondrial damage and symptoms of diabetic neuropathy. Therefore, AGEs, the
glyoxalase system, and mitochondrial dysfunction may play a role in the development and
modulation of diabetic peripheral neuropathy.
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Introduction
Diabetic neuropathy (DN) is secondary consequence of longstanding diabetes mellitus.
Sensory neurons appear particularly vulnerable to elevated glucose and damage in diabetes
mellitus (Zochodne, et al., 2008). Consequently, 50–70% of patients develop DN signs and
symptoms throughout the course of the disease (Centers for Disease Control and Prevention,
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2011). Moreover, DN remains a growing problem in the United States and throughout the
world with only limited symptomatic treatments (Edwards, et al., 2008).

Though the pathogenesis of DN is likely multifactorial, one mechanism leading to sensory
neuron damage and dysfunction is the accumulation of a heterogeneous group of reactive
sugars known as advanced glycation endproducts (AGEs) (Ahmed, 2005, Brownlee, 2005).
AGEs can form via a number of pathways inside and outside the neuron. In particular,
reactive dicarbonyls, a potent producer of AGEs, are formed as a normal by-product of
glycolysis, lipid peroxidation, and degradation of glycated proteins (Ahmed and Thornalley,
2007, Thornalley, 2008). Each of these processes is enhanced in diabetes mellitus leading to
an increased formation of toxic reactive dicarbonyls. Once formed, reactive dicarbonyls
react with proteins, lipids, or nucleic acids forming AGEs and cause neuronal dysfunction
(Thornalley, 2008).

The glyoxalase system functions to detoxify reactive dicarbonyls before they react with
cellular components and form AGEs (Rabbani and Thornalley, 2011). The glyoxalase
system is composed of two enzymes, glyoxalase I (GLO1) and glyoxalase II, that detoxify
reactive dicarbonyls by converting them to lactic acid, thereby preventing the formation of
AGEs (Thornalley, 2003). We have recently shown that in the peripheral nervous system,
GLO1 is selectively expressed in small, unmyelinated peptidergic neurons and axons that
comprise a subset of DRG neurons that are responsible for pain transmission (Jack, et al.,
2011). While GLO1 has been investigated in other diabetic complications, its role in DN has
remained largely uninvestigated.

GLO1 exists as a copy number variant (CNV) in many inbred strains mice (Williams, et al.,
2009). In particular, BALB/cJ mice have a single copy, whereas a closely related substrain,
BALB/cByJ mice, has multiple copies (Williams, et al., 2009). BALB/cJ and BALB/cByJ
mice originated from the same parental strain and were separated in the 1930s (Bailey,
1978). Despite 80 years of segregated inbreeding, these two strains remain isogenic at all
typed SNPs but have 11 genetic sites that have copy number variations (Velez, et al., 2010,
Williams, et al., 2009). In particular, BALB/cJ have lost multiple copies of the region
encompassing GLO1 (Williams, et al., 2009). Thus, BALB/cByJ and BALB/cJ mice express
variable levels of GLO1 on similar genetic backgrounds.

Given the clear evidence showing GLO1 has a role in protecting against hyperglycemia-
induced diabetic complications including nephropathy and endothelial dysfunction, GLO1
may also have a role in protecting sensory neurons from the damaging effects of diabetes
mellitus (Ahmed, et al., 2008, Wautier and Schmidt, 2004). In this study, we took advantage
of the natural genetic variation in substrains of BALB/c mice to investigate sensory damage
in DN in strains expressing different amounts of GLO1. Our results BALB/cByJ mice
appear to be protected against early neuropathy-related behavioral changes and sensory
neuron damage, and this protection may be related to elevated GLO1.

Methods
Animals

Male BALB/cJ and BALB/cByJ mice (Jackson, Bar Harbor, ME) were purchased at 7
weeks, one week prior to the onset of experimental testing. BALB/cJ mice were housed one
mouse per cage, while BALB/cByJ mice were housed two per cage in 12/12-h light/dark
cycle under pathogen free conditions. Mice were given free access to standard rodent chow
(Harlan Teklad 8,604, 4% kcal derived from fat) and water. All animal use was in
accordance with NIH guidelines and conformed to principles specified by the University of
Kansas Medical Center Animal Care and Use Protocol.
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Diabetes Induction
Diabetes was induced in 8-week-old male BALB/cJ and BALB/cByJ mice. BALB/cJ and
BALB/cByJ mice were injected with a single intraperitoneal injection of streptozocin (STZ)
(260 mg/kg and 200 mg/kg body weight, respectively; Sigma, St. Louis, MO) dissolved in
10 mmol/L sodium citrate buffer, pH 4.5. Controls received sodium citrate buffer alone.
Animals of either strain that did not develop hyperglycemia three days after the initial
injection were re-injected with STZ (200 mg/kg body weight). Food was removed from all
cages for 3 h before and after STZ injection. Animals did not receive insulin at any point in
the study.

Glucose Measurements
Animal weights and blood glucose levels (glucose diagnostic reagents, Sigma, St. Louis,
MO) were measured three days and one week after STZ injection. Both were then measured
every week thereafter from tail vein sampling and decapitation blood pool for terminal
measurements. Mice were considered diabetic if their fasting blood glucose level is greater
than 200 mg/dl at every measurement.

Behavior Testing
Mice underwent training sessions on the four days prior to behavioral testing. Mice were
placed into individual clear plastic cages on a wire mesh screen elevated 55 cm above the
table. Mice were allowed to acclimate in their cages to the behavior room for 30 minutes and
on the mesh grid for 15–45 minutes on the table during the training sessions, depending on
the training day. Before each behavioral testing session, mice were allowed to acclimate to
the behavior room in their cages for 30 minutes and to the wire mesh grid for 15 minutes.
The up-down method was used to test mechanical sensitivity (Dixon, 1980). Briefly, a set of
standard von Frey monofilaments (0.02, 0.07, 0.16, 0.4, 1.0, 2.0, 6.0, and 10.0 g) were used
to assess mechanical sensitivity. Beginning with the 0.4 g monofilament, mice received a
single application to the right hindpaw. Depending on the response of the mouse to the
previous application, the next smaller filament was used if there was negative response or
the next larger gram filament was used if there was a positive response. This was repeated
on each mouse until there was a change from either a positive response to negative response
or vice versa. Four trials after the change were then conducted with 5 min intervals between
applications. A positive response was considered a brisk withdrawal of the paw to which the
force was applied. Five negative responses were recorded as the maximum threshold or 10
g, while 5 positive responses were recorded as the minimum threshold or 0.02 g. The 50%
threshold was calculated for each mouse and group means were determined as previous
described (Chaplan, et al., 1994). Baseline behavior was measured before diabetes
induction. Afterwards, all animals were tested weekly for 6 weeks.

Tissue Preparation
DRG were rapidly isolated and excised, immediately frozen in liquid nitrogen, and stored at
−80°C. DRG were sonicated for 5 intervals of 10 sec each in 50 μL Cell Extraction Buffer
(Invitrogen, Carlsbad, CA) with protease inhibitor cocktail (Sigma, St. Louis, MO), 200 mM
NaF, and 200 mM Na3VO4. The homogenates were incubated on ice for 30 mins before
centrifugation at 7000 rpm for 10 mins at 4°C. Protein concentrations were determined using
the Bio-Rad protein assay based on the Bradford assay (Bio-Rad, Sydney, NSW, Australia).

Glyoxalase I Expression
Samples containing 100 μg of protein from total DRG homogenates were separated by
electrophoresis through 4–20% SDS-PAGE gels (125 V, 1.5 h, 4°C) and transferred onto
nitrocellulose paper (35 mA, overnight, 4°C). Nitrocellulose membranes were blocked with
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blocking buffer (3% non-fat milk and 0.05% Tween-20 in phosphate buffered saline) for 1
hour at room temperature to block non-specific binding sites. This was followed by
overnight incubation with a goat anti-GLO1 primary antibody (R&D Systems, Minneapolis,
MN) diluted 1:5000 in blocking buffer at 4°C. The donkey anti-goat IgG-HRP (Santa Cruz,
Santa Cruz, CA) secondary antibody was used diluted 1:2500 in blocking buffer at RT for 1
hour.

Nitrocellulose membranes were stripped using Restore Plus Western Blot Stripping Buffer
(Pierce, Rockford, IL). This was followed by 1-hour incubation with actin primary antibody
(Millipore, Billerica, MA) diluted 1:100,000 in blocking buffer at RT. The donkey anti-
mouse IgG-HRP secondary antibody (Santa Cruz, Santa Cruz, CA) was used diluted 1:2500
in blocking buffer at RT for 1 hour. The chemiluminescent signal was acquired using
Supersignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL) and a CCD
camera (BioSpectrum Imaging System, UVP, Upland, CA). Labworks Analysis Software
(UVP, Upland, CA) was used to quantify densitometry readings.

Nerve Conduction Velocity
Nerve conduction velocity was conducted as previously described on a Viasys Healthcare
TECA Synergy (Muller, et al., 2008, Stevens, et al., 2000). Animals were deeply
anesthetized with Avertin (1.25% v/v tribromoethanol, 2.5% tert-amyl alcohol, dH2O; 200
mg/kg body weight). Corneal reflexes were checked and body temperature was monitored
and maintained at 37°C throughout the procedure. Motor nerve conduction velocities
(MNCVs) were obtained by measuring compound muscle action potentials using
supramaximal stimulation (9.9 mA) at the ankle distally and at the sciatic notch proximally.
The average of three independent recordings was obtained from the first interosseous
muscle. Sensory nerve conduction velocity (SNCV) was measured behind the medial
malleolus with a 0.5-ms square wave pulse using the smallest current to elicit a response
(2.4 mA), stimulating at the digital nerve of the second toe. SNCV was the average of 10
recordings.

Intraepidermal Nerve Fiber Density
Cutaneous innervation of the footpad was assessed in nondiabetic and diabetic mice after six
weeks of diabetes. The right footpad skin was harvested from mice at the time of sacrifice
and immersion fixed in Zamboni’s fixative (4% paraformaldehyde, 14% saturated picric
acid, 0.1 M phosphate buffered saline; pH 7.4) for 1 hour on ice. Footpads were washed in
PBS twice and placed in PBS overnight at 4°C. Footpads were then cryoprotected in 30%
sucrose overnight at 4°C. 30 μm serial sections were cut and placed on Superfrost Plus
microscope slides (Fischer, Chicago, IL). Immunohistochemistry was performed as previous
described (Christianson, et al., 2007, Johnson, et al., 2008). Briefly, tissue sections were
blocked in Primary Incubation Solution containing SuperBlock buffer (Pierce, Rockford, IL)
with 1.5% normal donkey serum, 0.5% porcine gelatin, and 0.5% Triton X-100 for 1 hour at
RT. Sections were then incubated in the primary antibody solution containing 1:1 Primary
Incubation Solution and SuperBlock buffer with rabbit anti-PGP9.5 primary antibody
(1:400) overnight at 4°C. A donkey anti-rabbit secondary antibody (Alexa 555, 1:2000,
Molecular Probes, Eugene, OR) in 1X PBST was incubated for 1 hour at 4°C. Small
cutaneous, PGP9.5+ fibers that crossed the dermal-epidermal junction were quantified in
three areas from three tissue sections from each footpad. The length of the dermal-epidermal
junction was measured and intraepidermal nerve fiber density (IENFD) was expressed as the
number of fibers per millimeter.
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Mitochondrial Enzyme Expression
15 μg of protein from total DRG homogenates was separated by electrophoresis (150 V, 2 h,
4°C) on a 10–20% Tris-Glycine SDS-PAGE gels (Invitrogen, Carlsbad, CA) and transferred
onto nitrocellulose paper (150 mA, 2 h, 4°C). Membranes were blocked in 5% non-fat milk
and 0.05% Tween-20 in phosphate buffered saline either overnight at 4°C or 3 hours at RT.
An antibody cocktail against mitochondrial electron transport proteins (MS601,
MitoSciences, Eugene, OR) was diluted 205X in 1% milk and incubated at RT for 2 h. The
donkey anti-mouse IgG-HRP (Santa Cruz, Santa Cruz, CA) secondary antibody was used
diluted 1:2000 in blocking buffer at RT for 2 hours. The chemiluminescence signal was
acquired using Supersignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford,
IL) and a CCD camera (BioSpectrum Imaging System, UVP, Upland, CA). LabWorks
Analysis Software (UVP, Upland, CA) was used to quantify densitometry readings. All
bands were normalized for actin expression.

Statistics
Data are expressed as mean ± SEM. n is the number of animals per given experimental
setting. Differences were analyzed using ANOVA followed by Bonferroni’s test, as
appropriate. Significance was defined as p ≤ 0.05.

Results
Blood Glucose and Weights

More than 90% of mice of both strains injected with STZ developed diabetes shortly after
injection. As early as 1 week following STZ injection, diabetic mice displayed markedly
increased blood glucose levels. At the earliest time point, diabetic BALB/cByJ mice had an
average blood glucose of 325.495 ± 15.943 mg/dl and diabetic BALB/cJ mice had an
average blood glucose of 341.206 ± 19.735 mg/dl (Figure 1a). The elevated blood glucose
persisted and worsened throughout the study with diabetic BALB/cByJ mice having an
average blood glucose of 510.871 ± 19.737 mg/dl and diabetic BALB/cJ mice having an
average blood glucose of 535.698 ± 12.120 mg/dl after 6 weeks of diabetes (Figure 1a). At
all time points measured, diabetic mice from both strains had similar blood glucose levels
that were not statistically different (Figure 1a).

Diabetic mice displayed other characteristic symptoms of hyperglycemia including polyuria,
polydipsia, and limited weight gain. Throughout the study, nondiabetic BALB/cByJ mice
gained on average 6.9 ± 0.3 g and, similarly, nondiabetic BALB/cJ mice gained 5.6 ± 0.6 g
(Figure 1b). Conversely, diabetic mice had reduced weight gain, as is characteristic of
diabetic mouse models. Diabetic BALB/cByJ gained 2.1 ± 0.5 g from baseline, while
diabetic BALB/cJ gained 0.2 ± 0.9 g (Figure 1b). Throughout the study, the average weight
of diabetic mice was not significantly different between the two strains.

Behavioral Measures
The responses of mice to von Frey monofilaments were used to determine mechanical
sensitivity of the right hindpaw by measuring the 50% gram threshold weekly. No difference
existed in baseline behavioral measures between strains with thresholds of 2.429 ± 0.425 g
for BALB/cByJ and 2.076 ± 0.323 g for BALB/cJ (p = 0.5110) (Figure 2). The baseline
thresholds were similar for all four groups tested with nondiabetic BALB/cByJ mice,
diabetic BALB/cByJ, nondiabetic BALB/cJ, and diabetic BALB/cJ having baseline
thresholds of 2.152 ± 0.428 g, 3.119 ± 0.781 g, 2.975 ± 0.549 g, and 1.389 ± 0.329 g,
respectively.
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After five weeks of severe hyperglycemia, diabetic BALB/cJ mice develop increased
mechanical thresholds that are indicative of insensate neuropathy (Figure 2). The 50%
withdrawal threshold of diabetic BALB/cJ mice at five weeks after STZ injection was 5.899
± 0.977 g, while nondiabetic BALB/cByJ and BALB/cJ mice had thresholds of 2.805 ±
0.581g and 1.888 ± 0.373 g, respectively. Decreased mechanical sensitivity was also present
after six weeks of diabetes in diabetic BALB/cJ mice reaching nearly a 77% increase from
baseline. Diabetic BALB/cJ mice at had mechanical thresholds of 6.138 ± 0.945 g, while
nondiabetic BALB/cByJ and BALB/cJ mice had thresholds of 2.362 ± 0.415 g and 2.022 ±
0.344 g, respectively. This behavioral change is similar in time course and severity to that
seen in STZ-treated C57BL/6 mice (Christianson, et al., 2007, Johnson, et al., 2008).

Despite having significant hyperglycemia for six weeks, diabetic BALB/cByJ mice do not
develop thresholds significantly different from baseline (Figure 2). Mechanical thresholds of
diabetic BALB/cByJ mice are also not significantly different from nondiabetic BALB/cByJ
or BALB/cJ at any time point. On the other hand, diabetic BALB/cByJ mice had
significantly lower thresholds compared to diabetic BALB/cJ mice at both five and six
weeks post-STZ (2.739 ± 0.299 g vs. 5.899 ± 0.977g and 2.555 ± 0.408 g vs. 6.138 ± 0.945
g).

GLO1 Expression in Diabetes
After six weeks of diabetes, Western blot was used to determine GLO1 expression
differences between strains and the impact of diabetes on GLO1 levels. Nondiabetic BALB/
cByJ mice had significantly higher expression of GLO1 in the DRG compared to
nondiabetic BALB/cJ (1.000 ± 0.084 vs. 0.132 ± 0.097) (Figure 3). Since GLO1 expression
remained unchanged from nondiabetic levels following diabetes induction in both diabetic
BALB/cJ and BALB/cByJ, diabetic BALB/cJ mice had significantly lower expression than
diabetic BALB/cByJ mice (0.091 ± 0.001 vs. 0.852 ± 0.134) (Figure 3). Combined, BALB/
cByJ mice had 8–15-fold higher GLO1 expression compared to BALB/cJ mice.

Intraepidermal Nerve Fiber Density Following Diabetes Induction
After six weeks of diabetes, the pan-neuronal marker, PGP-9.5 was used to quantify
cutaneous C-fibers in the hindpaw epidermis. IENFD was similar between strains of
nondiabetic mice (Figure 4a, b, and e). Control BALB/cByJ mice had 80.3 ± 5.3 fibers/mm
in the right hindpaw which was no different from control BALB/cJ mice that had 89.3 ± 4.5
fibers/mm. Conversely, diabetic BALB/cJ mice had 38% and 31% loss of cutaneous
innervation compared to nondiabetic BALB/cJ and BALB/cByJ, respectively (Figure 4a, b,
d, and e). On the other hand, diabetic BALB/cByJ mice, which did not display mechanical
deficits, showed IENFD similar to both nondiabetic strains (Figure 4a, b, c, and e). Thus,
diabetic BALB/cJ mice also showed a 35% reduction of IENFD compared to diabetic
BALB/cByJ mice.

Nerve Conduction Velocity
Both motor (MNCV) and sensory nerve conduction velocities (SNCV) were measured at the
end of the six-week study in all four groups. SNCV was not significantly different between
any groups (p=0.055) (Figure 5a). While nondiabetic BALB/cByJ and BALB/cJ mice had
similar MNCV (50.825 ± 1.380 m/s vs. 55.120 ± 1.088 m/s, respectively), recordings
identified motor dysfunction in both diabetic strains (Figure 5b). Diabetic BALB/cByJ mice
had MNCVs of 42.456 ± 1.716 m/s, which was significantly lower compared to both
nondiabetic BALB/cByJ and BALB/cJ strains. However, diabetic BALB/cJ mice only had
significant slowing of MNCV when compared to nondiabetic BALB/cJ mice. The MNCV of
diabetic BALB/cJ mice was similar to diabetic BALB/cByJ mice (Figure 5b).
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Mitochondrial Dysfunction
The expression of mitochondrial oxidative phosphorylation proteins was measured in the
DRG to determine potential mechanisms leading to neuronal dysfunction. No strain
differences were apparent in the levels of Complex I subunit NDUFB8, Complex II FeS
subunit, Complex III subunit Core 2, or Complex V subunit alpha between nondiabetic
BALB/cByJ and BALB/cJ mice (Figure 6a, b, c, and d). Strikingly, Complex I expression
was dramatically reduced in diabetic BALB/cJ compared to the other three groups (Figure
6d). The expression of the NDUFB8 subunit was 83%, 81%, and 81% lower compared to
nondiabetic BALB/cJ, nondiabetic BALB/cByJ, and diabetic BALB/cByJ, respectively
(Figure 6d). While Complex II and III expression was not significantly different between
groups (Figure 6b and c), Complex V was also reduced by 47% and 51% in diabetic BALB/
cJ mice compared to nondiabetic BALB/cJ and diabetic BALB/cByJ mice (Figure 6a).

Discussion
In this study, two genetically similar strains of inbred mice that are natural genetic variants
of GLO1 were used to investigate the potential role of GLO1 in development and
modulation of diabetic neuropathy. We have previously shown GLO1 is predominately
expressed in small, unmyelinated peptidergic neurons in the DRG, suggesting this DRG
sensory neurons may be more or less vulnerable to hyperglycemia-damage depending on the
level of GLO1 expression. Here, our results reveal that BALB/cByJ mice have increased
expression of GLO1 and are protected from the development of neuropathy symptoms
following six weeks of hyperglycemia, while BALB/cJ mice develop increased mechanical
thresholds and hypoalgesia characteristic of insensate neuropathy. Other parameters of
neuron dysfunction are present in both diabetic strains including slowing of MNCV,
however, only diabetic BALB/cJ mice display reduced C-fiber innervation of the hindpaw.
It is plausible to suggest that these anatomical and behavior changes are a consequence of
differential levels of reactive dicarbonyl-derived AGEs that modify mitochondrial oxidative
phosphorylation structural proteins and may lead to mitochondrial dysfunction (Brouwers, et
al., 2010, Brownlee, 2005). Collectively, these results suggest that reduced expression of
GLO1 may prevent efficient breakdown of reactive-dicarbonyl that cause mitochondrial
damage, loss of peripheral C-fiber innervation, and the development of mechanical
insensitivity in diabetic neuropathy.

Numerous studies have shown overexpression of GLO1 to be protective against reactive
dicarbonyl damage (Brouwers, et al., 2010, Brouwers, et al., 2010, Gangadhariah, et al.,
2010, Morcos, et al., 2008, Schlotterer, et al., 2009). However, few studies have investigated
the importance of GLO1 at physiological levels. To our knowledge, this is the first to
investigate variable expression in peripheral nerves and its potential role in the development
of diabetic neuropathy. A week after the onset of reduced mechanical sensitivity, GLO1
expression in the DRG of diabetic BALB/cJ mice remains similar to that of nondiabetic
mice. Although expression and activity in diabetes are likely species-, strain-, and tissue-
dependent, our studies suggest that GLO1 expression is not altered by diabetes in the DRG
of these two strains of inbred mice. However, due to the known CNV, GLO1 expression in
both nondiabetic and diabetic BALB/cJ mice is significantly lower than either nondiabetic
or diabetic BALB/cByJ mice. Higher expression of GLO1 may limit carbonyl stress and
ultimately reduce AGE-mediated damage, at least early in the disease process.

The loss of cutaneous nerve fibers, nerve conduction velocity, and behavioral measures have
all been used to assess the presence of sensory nerve damage characteristic of diabetic
neuropathy in both rodents and human patients. Diabetic BALB/cJ mice develop loss of
epidermal innervation, reduced nerve conduction velocities, and increased mechanical
thresholds, as do majority of diabetic patients. At least early in the disease course, diabetic
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BALB/cByJ mice are protected from developing signs of DN that diabetic BALB/cJ mice
develop. Similarly, a sizable percentage of patients, nearly 30–40%, do not develop classic
overt neuropathy signs and symptoms even after years of diabetes mellitus. Recently, a
study of Joslin Gold Medalists, patients who have survived type I diabetes mellitus for over
50 years, determined that glycemic control was unrelated to the development of diabetic
complications (Sun, et al., 2011). However, those patients with higher concentrations of
AGEs, including methylglyoxal-derived N-(carboxyethyl)lysine, were 2.5 times more likely
to suffer from neuropathy (Sun, et al., 2011). Those authors and others have suggested that
certain patients may have an abundance of protective mechanisms that allow them to remain
complication free.

This suggests that underlying genetic differences in certain diabetic patients can protect
against damage from methylglyoxal. Since GLO1 is the major detoxification system of
reactive dicarbonyls, it is plausible that differences in production and activity of the enzyme
influences AGE production and the development and/or modulation of DN. Studies have
recognized various SNPs, null alleles, and CNVs of GLO1 in humans (Gale, et al., 2004,
Gale and Grant, 2004, Redon, et al., 2006, Sparkes, et al., 1983). While a number of studies
have measured increased AGEs in diabetic patients in the skin and peripheral nerve
(Meerwaldt, et al., 2005, Misur, et al., 2004, Sugimoto, et al., 1997, Yu, et al., 2006), limited
investigation into the variability of protective mechanisms, particularly in these tissues, has
occurred and may help explain why some patients develop DN and others do not.

Investigation into early signs and symptoms of neuronal dysfunction is critical to
understanding the mechanisms driving the pathogenesis of diabetic neuropathy. A week
after the onset of reduced mechanical sensitivity in diabetic BALB/cJ mice, the expression
of structural components of mitochondrial oxidative phosphorylation proteins Complex I
and V is dramatically reduced. Evidence linking reactive dicarbonyls with mitochondrial
dysfunction has been mounting (Rabbani and Thornalley, 2008). In a C. elegan model of
aging, the reactive dicarbonyl-derived AGE, MGH1, modified mitochondrial proteins
leading to increased ROS which was attenuated with GLO1 overexpression (Morcos, et al.,
2008). In vitro investigation utilizing a neuroblastoma cell line found ATP and
mitochondrial membrane potential were both reduced following exposure to methylglyoxal
(de Arriba, et al., 2007). Further evidence suggesting increased GLO1 expression protects
against mitochondrial damage was recently published utilizing a transgenic rat model
overexpressing GLO1. Diabetic transgenic rats showed increased GLO1 expression, reduced
levels of plasma reactive dicarbonyls and AGEs, and higher expression of mitochondrial
oxidative phosphorylation proteins compared to wild type diabetic rats (Brouwers, et al.,
2010).

Mitochondrial dysfunction has also been implicated in the pathogenesis of diabetic
neuropathy. Similar to our data, Chowdhury et al. observed reduced expression of NDUFS3,
one component of the iron-sulfur protein of Complex I, in STZ-diabetic rats (Chowdhury, et
al., 2010). They have also observed alterations in other mitochondrial proteins, including
components of oxidative phosphorylation including ATP synthase (Akude, et al., 2011).
Functionally, rates of respiration and activity of oxidative phosphorylation complexes are
reduced in in the peripheral nervous system of diabetic rats that result from proteome
alterations (Chowdhury, et al., 2010). With evidence linking oxidative phosphorylation
proteins modified by reactive dicarbonyls with mitochondrial dysfunction, diabetic BALB/
cByJ mice could be protected from these proteome alterations due to increased GLO1
production. Thus, genetic differences in protective mechanisms, particularly of GLO1, could
play a role in preventing early mitochondrial dysfunction that may underlie sensory neuron
damage and DN symptoms.
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Highlights

• Glyoxalase I protects against damaging effects of advanced glycation end
products.

• We examine two strains of mice that naturally express different levels of GLO1.
u

• Diabetic BALB/cJ mice with low levels develop several classic signs of
neuropathy.

• Diabetic BALB/cByJ mice with high levels do not develop signs of neuropathy.

• These mice provide a new tool to explore the role of GLO1 and AGE-related
damage.
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Figure 1. Diabetic BALB/cByJ and BALB/cJ mice display characteristic features of diabetes
including hyperglycemia and smaller body weight
Blood glucose (a) and weights (b) of nondiabetic and diabetic BALB/cByJ and BALB/cJ
measured weekly for six weeks. (a) Diabetic BALB/cByJ (gray circles, n = 15) and BALB/
cJ (gray triangles, n = 15) showed similar blood glucose measures each week, which was
significantly different than nondiabetic BALB/cByJ (black circles, n = 10) and BALB/cJ
(black triangles, n =10) (p < 0.0001). (b) Diabetic BALB/cByJ (gray circles, n = 15) and
diabetic BALB/cJ (gray triangles, n = 15) had reduced weight gain compared to nondiabetic
mice (black circles, BALB/cByJ, n =10 and black triangles, BALB/cJ, n = 10) (p < 0.0001).
Data are presented as means ± SEM. *p < 0.05 vs. nondiabetic BALB/cByJ mice. ***p <
0.001 vs. nondiabetic BALB/cByJ mice. ****p < 0.0001 vs. nondiabetic BALB/cByJ mice.
##p < 0.01 vs. nondiabetic BALB/cJ mice. ###p < 0.001 vs. nondiabetic BALB/cJ mice.
####p < 0.0001 vs. nondiabetic BALB/cJ mice.
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Figure 2. Diabetic BALB/cByJ mice are protected from symptoms of neuropathy, while diabetic
BALB/cJ mice develop symptoms insensate neuropathy
Behavioral responses to non-noxious mechanical stimuli were evaluated weekly in
nondiabetic BALB/cByJ (black circles), diabetic BALB/cByJ (gray circles), nondiabetic
BALB/cJ (black triangles), and diabetic BALB/cJ (gray triangles) mice. Baseline behavioral
measurements were similar for all groups tested. By 5 weeks after STZ induction, diabetic
BALB/cJ (red n = 15) mice developed increased mechanical thresholds indicative of
insensate neuropathy. The mechanical thresholds of diabetic BALB/cByJ (n = 15) were not
different from the thresholds of both nondiabetic strains (n = 10 each) at all time points
suggesting diabetic BALB/cByJ are protected from neuropathy damage. Data plotted as
means ± SEM. *p < 0.05 vs. nondiabetic BALB/cByJ. ***p < 0.001 vs. nondiabetic BALB/
cByJ. ###p < 0.001 vs. diabetic BALB/cJ. ††p < 0.01 vs. diabetic BALB/cByJ. †††p <
0.001 vs. diabetic BALB/cByJ.
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Figure 3. BALB/cByJ mice express higher levels of GLO1 compared to BALB/cJ mice
GLO1 expression in the DRG was measured by Western blot in nondiabetic (n = 3 each) and
diabetic mice (n = 4 each) following 6 weeks of diabetes. Nondiabetic BALB/cByJ mice
(black bar) express significantly higher levels of GLO1 compared to nondiabetic BALB/cJ
mice (white bar). Similarly, diabetic BALB/cByJ mice (light gray bar) also have
significantly higher expression of GLO1 compared to diabetic BALB/cJ mice (dark gray
bar). Diabetes does not affect the expression of GLO1 in either strain. Diabetic BALB/cByJ
and BALB/cJ mice show similar expression levels as their nondiabetic counterparts. Data
plotted as means ± SEM. ***p < 0.001 vs. nondiabetic Balb/cByJ. ###p < 0.001 vs. diabetic
Balb/cByJ.
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Figure 4. Intraepidermal nerve fiber density is reduced in diabetic Balb/cJ mice
Representative photomicrographs of skin from the right footpad of (a) nondiabetic BALB/
cByJ, (b) nondiabetic BALB/cJ, (c) diabetic BALB/cByJ, and (d) diabetic BALB/cJ mice.
Diabetic BALB/cJ mice show a reduction in PGP9.5-positive cutaneous nerve fibers in the
skin. Scale bar = 10 μm. (e) Quantification of IENFD of nondiabetic BALB/cByJ (black bar,
n = 5), diabetic BALB/cByJ (light gray bar, n = 5), and nondiabetic BALB/cJ (white bar, n
=5). Diabetic BALB/cJ (dark gray bar, n = 5) have a significant loss of cutaneous
innervation after six weeks of diabetes. Data plotted as means ± SEM. ###p < 0.001 vs.
nondiabetic BALB/cJ. *p < 0.05 vs. nondiabetic BALB/cByJ. ††p < 0.01 vs. diabetic
BALB/cJ.
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Figure 5. Motor nerve conduction velocity (MNCV), but not sensory nerve conduction velocity
(SNCV), is reduced in diabetic mice
Quantification of (a) SNCV and (b) MNCV in nondiabetic BALB/cByJ (black bars, n = 10),
diabetic BALB/cByJ (light gray bars, n = 14), nondiabetic BALB/cJ (white bars, n = 10),
and diabetic BALB/cJ (dark gray bars, n = 7). SNCV is not significantly different between
groups. However, MNCV is reduced in diabetic mice compared to their nondiabetic
counterparts. Data plotted as means ± SEM. ***p < 0.001 vs. nondiabetic BALB/cByJ. #p <
0.05 vs. nondiabetic BALB/cJ.
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Figure 6. Mitochondrial oxidative phosphorylation proteins are reduced in diabetic BALB/cJ
mice
The expression of proteins from mitochondrial oxidative phosphorylation complexes was
measured in the DRG after six weeks of diabetes. The expression of structural components
of complexes V (a), III (b), II (c), and I (a) were all accessed by Western blot in nondiabetic
BALB/cByJ (black bars, n = 3), diabetic BALB/cByJ (light gray bars, n = 3), nondiabetic
BALB/cJ (white bars, n = 3), and diabetic BALB/cJ (dark gray bars, n = 3). Expression of
both ATP synthase subunit α and Complex I subunit NDUFB8 were significantly reduced in
diabetic BALB/cJ mice unlike diabetic BALB/cByJ mice. #p < 0.05 vs. nondiabetic BALB/
cJ. ##p < 0.01 vs. nondiabetic BALB/cJ. *p < 0.05 vs. nondiabetic BALB/cByJ. †p < 0.05
vs. diabetic BALB/cJ.
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