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Abstract
Aims/hypothesis We aimed to evaluate the effect of the
mutant WldS (slow Wallerian degeneration; also known
as Wld) gene in experimental diabetes on early experi-
mental peripheral diabetic neuropathy and diabetic
retinopathy.
Methods The experiments were performed in four groups
of mice: wild-type (WT), streptozotocin (STZ)-induced
diabetic WT, C57BL/WldS and STZ-induced diabetic
C57BL/WldS. In each group, intraperitoneal glucose and
insulin tolerance tests were performed; blood glucose,
glycated haemoglobin and serum insulin were monitored.
These mice were also subjected to the following behavioural
tests: grasping test, hot-plate test and von Frey aesthesiometer

test. For some animals, sciatic–tibial motor nerve conduction
velocity, tail sensory nerve conduction velocity and eye
pattern electroretinogram were measured. At the end of the
experiments, islets were isolated to detect glucose-stimulated
insulin secretion, ATP content and extent of apoptosis. The
NAD/NADH ratio in islets and retinas was evaluated.
Surviving retinal ganglion cells were estimated by immuno-
histochemistry.
Results We found that the WldS gene is expressed in islets
and protects beta cells against multiple low doses of STZ
by increasing the NAD/NADH ratio, maintaining the
ATP concentration, and reducing apoptosis. Consistently,
significantly higher insulin concentrations, lower blood
glucose concentrations, and better glucose tolerance were
observed in WldS mice compared with WT mice after STZ
treatment. Furthermore, WldS alleviated abnormal sensory
responses, nerve conduction, retina dysfunction and
reduction of surviving retinal ganglion cells in STZ-
induced diabetic models.
Conclusions/interpretation We provide the first evidence
that expression of the WldS gene decreases beta cell
destruction and preserves islet function in STZ-induced
diabetes, thus revealing a novel protective strategy for
diabetic models.
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HE Haematoxylin and eosin
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PARP Poly(ADP-ribose) polymerase
pERG Pattern electroretinogram
PDN Peripheral diabetic neuropathy
RGC Retinal ganglion cell
SMNCV Sciatic–tibial motor nerve conduction velocity
SIRT1 Sirtuin 1
STZ Streptozotocin
TSNCV Tail sensory nerve conduction velocity
WLDS Slow Wallerian degeneration
WT Wild-type

Introduction

Type 1 (insulin-dependent) diabetes is a chronic metabolic
disorder characterised by a loss of pancreatic islet beta cell
mass, decreased serum insulin, and hyperglycaemia. Much
of our understanding of the role of the T cell-mediated
autoimmune mechanism has come from the use of animal
models. Autoreactive T cells produce inflammatory
cytokines, which can upregulate Fas expression on beta
cells and stimulate production of nitric oxide and reactive
oxygen species, inducing caspase-3-dependent apoptotic
signalling cascades [1, 2]. With the excessive DNA
damage resulting from reactive oxygen species accumula-
tion, poly(ADP-ribose) polymerase (PARP) is highly
activated. Continuous PARP activity in the pancreas leads
to depletion of its substrate, NAD+, to non-physiological
levels, energy failure, inhibition of glyceraldehyde-3-
phosphate dehydrogenase of glycolysis, inhibition of
insulin synthesis, and, in extreme cases, beta cell death
[3]. However, there is still a lack of an efficient protective
strategy for beta cell loss and its subsequent pathological
events.

The C57BL/WldS mouse carries a dominant mutation
that delays Wallerian degeneration in the distal stump of an
injured axon [4, 5]. WldS (also known as Wld) mutation
comprises an 85 kb tandem triplication, which results in
overproduction of slow Wallerian degeneration (WLDS)
protein. This protein is composed of the N-terminal 70
amino acids of ubiquitin fusion degradation protein 2a
(UFD2A), a ubiquitin-chain assembly factor, fused to the
complete sequence of nicotinamide mononucleotide
adenylyltransferase1 (NMNAT1), an enzyme in the
NAD biosynthetic pathway that generates NAD [6, 7].
The WldS mouse has been shown to have protective
properties in different types of neurodegenerative disease
models with axonal degeneration [8, 9]. However, whether
WldS can antagonise diabetes and diabetic neurodegeneration
is not yet known. Here, we provide evidence that WldS

could attenuate experimental diabetes and early experi-
mental peripheral diabetic neuropathy (PDN) and diabetic
retinopathy (DR).

Methods

Animal model Homozygous C57BL/WldS mutant mice
were obtained from the Institute for Nutritional Sciences,
Shanghai Institute for Biological Sciences and Chinese
Academy of Sciences. In all studies, C57BL/WldS mice
were genotyped 4 weeks after birth. Eight-week-old male
C57BL/6J wild-type (WT) mice and homozygous C57BL/
WldS mice were housed under a 12 h light/dark cycle under
pathogen-free conditions with free access to mouse chow
and water. All animal care and use was in accordance with
guidelines established by the Research Animal Care
Committee of Nanjing Medical University. Diabetes was
induced by injecting mice intraperitoneally with 50 mg/kg
body weight of streptozotocin (STZ; Sigma, St Louis, MO,
USA) dissolved in citrate buffer (pH 5.5) for 5 days or
150 mg/kg body weight for a single high dose. Non-
diabetic mice were injected with sodium citrate buffer
alone. Animal fasting weight and tail vein blood glucose
concentrations were measured 1 week after STZ admin-
istration and every other week using the OneTouch
Horizon Glucose Monitoring Kit (LifeScan, Milpitas,
CA, USA). Only STZ-injected mice with fasting blood
glucose concentrations >11.1 mmol/l were included in
the diabetic groups.

Intraperitoneal glucose tolerance test and intraperitoneal
insulin tolerance test Both intraperitoneal glucose tole-
rance test (IPGTT) and intraperitoneal insulin tolerance test
(IPITT) were carried out on day 9. Mice were fasted for
16 h (IPGTT) or 6 h (IPITT), injected intraperitoneally with
D-glucose at 1 g/kg body weight (IPGTT) or with insulin at
0.75 U/kg body weight (IPITT). Blood glucose was
analysed at 0, 30, 60 and 120 min after the injection.
IPGTT and IPITT were performed on different sets of mice
to prevent unnecessary repetitive stress that could interfere
with measurements.

Islet isolation Male mice were anaesthetised using 10–20%
urethane. The peritoneal cavity was opened. Ice-cold collage-
nase (type V; Sigma; 1 mg/ml in Hank’s balanced salt solution)
was injected through a catheter introduced into the part of the
bile duct running from the liver to the pancreas (2 ml/mouse).
Then the filled pancreas was extracted and digested in a water-
bath at 37°C for 28 min, purified using a Histopaque gradient
separation method, and the islets were hand picked under the
Zeiss microscope. Freshly isolated islets were transferred to
sterile six-well plates and cultured in RPMI-1640 (Gibco,
Shanghai, China) supplemented with 10% FCS (Gibco),
100 U/ml penicillin and 100 μg/ml streptomycin. The islets
were allowed to equilibrate for 3 h, after which they were
counted, repacked into six-well plates and cultured overnight
at 37°C in humidified air with 5% CO2 for further studies.
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RNA extraction, reverse transcription and gene expres-
sion Spinal cords from mice were flash frozen in liquid
nitrogen, and mRNAs of isolated islets and spinal cords were
extracted using the RNAiso Plus (Takara, Dalian, China).
mRNAwas transformed into cDNA using the Prime Script RT
reagent kit (Takara); RT-PCR was performed to identify WldS

gene expression. The following primer sequences were used:
Wld forward, 5′-CGTTGGCTCTAAGGACAGCAC-3′; Wld
reverse, 5′-CTGCAGCCCCCACCCCTT-3′. Gapdh was
used as a control gene.

Glucose-stimulated insulin secretion After overnight cul-
ture, islets were washed and preincubated for 1 h at 37°C
in KRB/HEPES buffer supplemented with 0.2% BSA,
followed by a 1h incubation in KRB/HEPES buffer
supplemented with 0.2% BSA and in the presence of 3.3
or 16.7 mmol/l glucose. Insulin released during the hour
was measured with a radioimmunoassay kit (Bnibt,
Beijing, China) following the manufacturer’s instructions.
The lower limit of the assays was 34.725 pmol/l with a
variation coefficient of 10% within the assays and 15%
between the assays.

NAD/NADH assay Islets or frozen retinas were extracted
by two freeze/thaw cycles or homogenisation in 400 μl
NAD/NADH Extraction Buffer (BioVision, Mountain
View, CA, USA). The homogenate was filtered using
10 kDa cut-off filters. The assay was conducted following the
manufacturer’s instructions.

ATP evaluation ATP concentrations were measured using a
luciferase–luciferin ATP Assay Kit (Beyotime, Haimen,
China) following the manufacturer’s instructions. Protein
concentration of the islets was determined using the BCA
protein assay, and ATP was normalised to the protein
content, expressed as relative luminescence units (RLU)/mg
protein.

Western blotting analysis for caspase 3 Isolated islets were
homogenised in protein lysis buffer containing 10% phos-
phatase inhibitors. Proteins (20–50 μg) were separated by
10% SDS-PAGE (wt/vol.), transferred to poly(vinylidene
difluoride) membranes, and probed overnight at 4°C with
primary antibodies against caspase 3 (Cell Signal, Boston,
MA, USA) and β-actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Detection was performed using horseradish
peroxidase-labelled anti-rabbit IgG or horseradish peroxidase-
labelled anti-mouse IgG and developed with Super-
Signal chemiluminescent substrate (Pierce Biotechnology,
Rockford, IL, USA).

Tissue harvest Pancreas was harvested 9 weeks after
induction of diabetes, then embedded in paraffin. Sections

(5 μm thick) were cut and stained with haematoxylin and
eosin (HE). Before the mice were killed, a blood sample
(1 ml) was collected for measurement of glycated
haemoglobin (GHb) and serum insulin. GHb was
measured using the VARIANT II Hemoglobin Analyzer
(Bio-Rad, Hercules, CA, USA). Serum insulin was
measured with a radioimmunoassay kit (Bnibt).

Determination of muscle strength Forelimb grip strength
was determined using a custom-made automated grip
strength meter (YLS-13A; Shandong Academy of Medical
Sciences Device Station, Jinan, China). Animals were
placed on a platform and allowed to grasp a ring. Mice
were pulled away until they released the ring, and the
strength was determined with an electronic pull strain
gauge. The test was repeated three times on each mouse,
and the mean value was calculated as the muscle strength.

Thermal analgesia To determine sensitivity to noxious
heat, mice were placed individually on the hot-plate
instrument (YLS-6B; Shandong Academy of Medical
Sciences Device Station). The temperature was set at 55±
0.2°C. Brisk withdrawal or hind paw flinching was
considered a positive response. The hind paw withdrawal
latency in response to heat was recorded. Individual
measurements were repeated three times, and the mean
value was calculated as the thermal threshold.

Mechanical analgesia Mechanical analgesia was evaluated
by quantifying the withdrawal threshold of the hind paw in
response to mechanical stimulation using a von Frey
aesthesiometer (range 0.008–300 g; UgoBasile, Comerio
VA, Italy). Mice were placed in individual Plexiglass boxes
on a stainless steel mesh floor and were allowed to adjust
for at least 30 min. A series of calibrated von Frey filaments
was applied perpendicularly to the planter surface of a hind
paw with sufficient force to bend the filament for 6 s. Brisk
withdrawal or paw flinching was considered a positive
response. In the absence of a response, a filament with the
next greatest force was applied. In the presence of a
response, a filament with the next lowest force was applied.
The test was repeated four or five times at 5 min intervals
on each animal, and the mean value was used.

Nerve conduction studies At 7 weeks after STZ adminis-
tration, sciatic–tibial motor nerve conduction velocity
(SMNCV) and tail sensory nerve conduction velocity
(TSNCV) were measured by Powerlab/8 s (AD Instrument,
Sydney, NSW, Australia). Mice were anaesthetised with
20% urethane, and body temperature was monitored with a
dermal temperature probe and maintained at 37°C with a
warming lamp. The needle electrodes were cleaned with
70% alcohol between animals to maintain pathogen-free
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status. SMNCV was determined by recording in the dorsum
of the foot and stimulating with supramaximal stimulation
first at the knee, then at the sciatic notch. Latencies were
measured in each case from the initial onset of the
compound muscle action potential. Then SMNCV was
calculated by dividing the distance between the cathode
placements by the difference calculated by subtracting the
motor distal latency at the knee from the sciatic notch.
TSNCV was determined by recording on the distal tail and
stimulating at the two different parts of the proximal tail. It
was calculated by dividing the distance between the
cathode placements by the difference calculated by sub-
tracting the latency at the two different placements.

Pattern electroretinogram Pattern electroretinograms
(pERGs) were measured by EP-100 Pro/Multifocal (Tomey,
Nagoya, Japan), and were recorded in response to contrast
reversal of horizontal black and white square wave bar
gratings with a mean luminance of 50 photopic (ph) cd/m2.
The standard grating contrast was 90%, with a 1 Hz
reversal rate, and spatial frequency of 0.05 cycles/degree. It
was displayed on an RGB monitor 28 cm high by 34 cm
wide at a distance of 15 cm from the mouse’s eye. The
spatial frequency and approximate contrast have been
reported to maximise pERG amplitude in the mouse.

Histology and immunohistochemistry At the completion of
ERGs, mice were killed by cervical dislocation. Both eyes
were enucleated and fixed in Feteke’s solution for 2 h,
followed by a 12 h fixation in 10% neutral formaldehyde.
After dehydration in a graded ethanol series, eyes were
embedded in paraffin. Sections (5 μm thick) were cut along
the vertical meridian at 0.05 mm intervals, yielding six
sections from each eye with six mice each group. Then the
sections were stained with HE. For immunohistochemistry,
mouse monoclonal anti-TUJ1 (1:200 dilution; Lifespan
Bioscience, Seattle, WA, USA) was used to estimate
surviving retinal ganglion cells (RGCs). After deparaffini-
sation and rehydration with PBS, specimens were incubated
with 3% H2O2 for 15 min to reduce the activity of
endogenous peroxidase, and then in a solution of PBS
containing 5% BSA for 30 min to block non-specific
antibody binding. The primary antibody was added to the
specimens and incubated overnight at 4°C in a sealed
chamber to prevent dehydration. The secondary antibody
biotinylated rabbit anti-mouse (1:100 dilution) was applied
for 1 h at room temperature. Specimens were then treated
with avidin/biotin complex solution, washed with PBS, and
incubated with 3,3′-diaminobenzidine substrate for 10 min.
Counterstaining was carried out with haematoxylin. The
specimens were then dehydrated in 70%, 95%, 100%
ethanol. The image was acquired on an Olympus BX51
microscope using an Olympus DP70 digital camera.

Ganglion cell number was quantified from the central
(around the optic nerve head) to the peripheral retina by
counting the nuclei in the photo images. Surviving (TUJ1+)
RGCs were identified only if they were located within the
ganglion cell layer and had large, round cell bodies with
positively stained 3,3′-diaminobenzidine substrate.

Statistical analysis Statistical analysis was conducted using
GraphPad Prism Software version 5.0. Results are pre-
sented as means±SEM. Differences were determined using
two-tailed Student’s t test or ANOVA, with a Newman–
Keuls test to determine post hoc differences. Differences
were considered significant at a two-tailed p value of <0.05.

Results

WldS decreased STZ-induced hyperglycaemia and improved
islet function Under normal conditions, WT and WldS mice
showed equivalent concentrations of fasting blood glucose.
When they were treated with multiple low-dose STZ (5×
50 mg/kg), the fasting blood glucose of STZ-injected WT
mice began to increase on day 3, and all STZ-injected WT
mice had developed hyperglycaemia (≥11.1 mmol/l) 2 days
after the final injection, whereas only 33.3% of STZ-treated
WldS mice were hyperglycaemic (Fig. 1a). Consistently, the
results of IPGTT performed on day 9 as an in vivo measure
of beta cell function showed that STZ-induced glucose
intolerance was significantly ameliorated in WldS mice
(Fig. 1b). However, IPITT showed that WldS did not alter
insulin sensitivity (Fig. 1c). Furthermore, islets isolated
from WT and WldS mice showed a similar level of insulin
release in response to glucose stimulation. The STZ
treatment significantly decreased insulin release from the
WT islets. However, this impairment was abrogated in WldS

islets (Fig. 1d). Then only STZ-injected mice with fasting
blood glucose concentrations >11.1 mmol/l were included
in the diabetic groups. Typical symptoms of diabetes
include polydipsia, polyuria and weight loss. All diabetic mice
had significantly higher fasting blood glucose concentrations
than vehicle-injected mice; this difference was maintained
throughout the study (Fig. 2a). The non-diabetic mice had
increasing body weight during the whole study, while diabetic
mice exhibited a loss of body weight or a reduction in body
weight gains (electronic supplementary material [ESM]
Fig. 1). The fasting serum insulin concentrations of the
diabetic mice were significantly reduced compared with those
in the control group (Fig. 2b). Conversely, the GHb
concentrations of the diabetic mice were significantly raised
after STZ injection (Fig. 2c). WldS also partially corrected the
STZ-induced increase in blood glucose concentration and
decrease in serum insulin concentration in the diabetic mice
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(Fig. 2a–c). Nine weeks after STZ treatment, all groups of
mice were killed. HE staining of non-STZ-treated WT and
WldS pancreas showed normal distribution. Diabetic WT
mice showed dramatic islet destruction. In contrast, STZ-
treated WldS mice showed large, round islets (Fig. 3). These

results suggest that WldS protected beta cells against insult by
multiple low doses of STZ.

WldS improved beta cell survival after STZ treatment Although
numerous reports have shown that the WldS gene is
expressed in neuronal tissue, it is unknown whether it is
also expressed in islets. By RT-PCR, we found that WldS is
also expressed in the islets of WldS mice (Fig. 4a). In
separate experiments, we found that WldS ameliorated the
decreased NAD/NADH ratio (Fig. 4b), ATP depletion
(Fig. 4c) and activated caspase response (Fig. 4d, e) in the
islets triggered by STZ administration.

WldS improved the lifespan of diabetic mice To further
determine the effect of WldS in diabetic complications
excluding the factor of blood glucose, we used a single high
dose (150 mg/kg) of STZ to induce diabetes. These diabetic
mice had similar fasting blood glucose concentrations
(Fig. 5a) as well as serum insulin concentrations and GHb
concentrations (Fig. 5c, d). Interestingly, WldS mice showed
remarkably improved lifespan response to STZ-induced
diabetes. Three weeks after STZ administration, the
survival rate of WT mice was 49%, while the lifespan of
WldS mice was 86%. The effects of WldS on the lifespan of
diabetic mice was maintained 7 weeks after induction,
when 81% of the WldS animals, but only 31% of the WT
animals, survived.

WldS alleviated diabetes-induced neuropathy In these ani-
mals, we also examined other diabetic consequences.
Although diabetic mice displayed reduced muscle strength
during the experiment, there was no significant difference
between STZ-treated WTand WldS mice (Fig. 6a). Diabetic
mice with a 7 week duration of STZ-induced diabetes had
clearly manifested thermal hypoalgesia detected by measuring
the latencies of hind pawwithdrawal. There was no statistically
significant difference between STZ-treatedWTandWldS mice
during the 7 weeks (Fig. 6b). Diabetic mice with 7-week
duration of STZ-induced diabetes also had mechanical
hypoalgesia detected with a von Frey aesthesiometer by
measuring paw withdrawal thresholds in response to noxious
stimulation with rigid von Frey filaments. The paw with-
drawal thresholds were increased by 88.89% in diabetic
WT mice compared with controls 3 weeks after STZ
injection (p<0.05), and gradually increased 1.46-fold in
diabetic WT mice compared with controls 7 weeks after
STZ injection (p<0.05). WldS partially (p<0.05 vs con-
trols and p<0.05 vs WT diabetic group) corrected the
diabetes-induced increase in paw withdrawal thresholds
(Fig. 6c). According to the Animal Models of Diabetic
Complications Consortium (AMDCC), electrophysiologi-
cal measures of nerve impairment are the ‘gold standard’
for determining sensory and motor nerve function and

Fig. 1 a Fasting blood glucose concentrations during and after
multiple low doses of STZ. WldS mice (black squares) had a
significantly lower fasting blood glucose concentration than WT mice
(white squares) after STZ treatment. No significant difference was
detected between control groups (black circles, WT mice; white
circles, WldS mice). b IPGTT was conducted by injecting D-glucose
(1 g/kg body weight) 5 days after STZ treatment. Glucose clearance
was significantly improved in WldS mice (black squares) compared
with WT mice (white squares) and no difference was found between
control groups (black circles, WT mice; white circles, WldS mice).
c IPITT was conducted by injecting insulin (0.75 U/kg body weight)
5 days after STZ treatment. Blood glucose concentrations were
measured at the indicated times. It revealed that WldS did not alter
the insulin sensitivities (white squares, WT mice; black squares, WldS

mice) and no difference was found between control groups (black
circles, WT mice; white circles, WldS mice). d Glucose-stimulated
insulin release after treatment with STZ for 5 days. Insulin release in
response to 16.7 mmol/l glucose was significantly impaired in STZ-
treated WT islets compared with WT control. It was well preserved in
STZ-treated WldS islets. Values are expressed as means±SEM, n=6 per
group. *p<0.05 compared with control group. †p<0.05 compared
with STZ-treated WT mice
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include assessment of TSNCV and SMNCV [10]. At
7 weeks after STZ administration, SMNCV in WT diabetic
mice was reduced by 54.04% compared with the controls
(p<0.05), and in WldS diabetic mice the reduction was
18.75% (p<0.05; Fig. 7a). TSNCV in WT diabetic mice was
reduced by 43.44% compared with the controls (p<0.05), and
in WldS diabetic mice the reduction was 12.85% (p<0.05;
Fig. 7b). Thus, WldS has significant effects on SMNCVand
TSNCV deficits (p<0.05 vs WT diabetic group).

WldS alleviated diabetes-induced retinopathy Diabetes can
damage non-vascular cells of the retina, resulting in
alterations in function and loss of RGCs, horizontal cells,
amacrine cells and photoreceptors [11, 12]. We detected the
ERG response to contrast reversal of horizontal black and
white square wave bar at 7 weeks after STZ administration.

Representative waveforms are shown in Fig. 7c–f. The peak
amplitude of the wave was significantly decreased by
79.71% in the STZ-treated WT group compared with the
control group, whereas the STZ-treated WldS group showed
no significant reduction (Fig. 7g). After 7 weeks of hyper-
glycaemia, cell body numbers in the ganglion cell layer were
decreased by 25.98%, and surviving RGCs were decreased
by 17.11% in WT diabetic mice, whereas the STZ-treated
WldS group showed no significant reduction (Fig. 8c, d). The
NAD/NADH ratio in WT diabetic retina was decreased
dramatically, and WldS ameliorated this reduction (Fig. 8e).

Discussion

Although the protective effects of WldS against axonal
degeneration have been well documented [13–17], our

Fig. 2 Metabolic variables in mice during induction/onset of diabetes
with multiple low doses of STZ. a Fasting tail vein blood glucose
concentrations were measured 1 week after STZ and every other
week. Fasting serum insulin (b) and GHb (c) concentrations were
measured 9 weeks after induction of diabetes. Values are expressed as

means±SEM, n=5–20 per group. Black bar, WT mice; white bar, STZ-
treated WT mice; grey bar, WldS mice; striped bar, STZ-treated WldS

mice. *p<0.05 compared with control group. †p<0.05 compared with
STZ-treated WT mice

Fig. 3 Pancreas was harvested 9 weeks after induction of diabetes. Representative microphotographs of HE staining of pancreas in control and
diabetic mice are shown. a Original magnification, ×200; scale bar, 12.5 μm. b Original magnification, ×400; scale bar, 6.3 μm
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studies provide evidence that it can protect against STZ-
triggered pancreatic beta cell death and subsequent diabetic
symptoms and pathological events in mice. WldS is
expressed in islets, suggesting a direct protective effect on
beta cells. In addition, WldS might also show beta cell-
independent protection of axons in both the peripheral
nervous system and central nervous system. Consistent with
this, we found that WldS could prevent STZ-triggered nerve
conductance deficits, indicated by measurements of the
TSNCV and SMNCV. Interestingly, we found that WldS

diabetic mice have reduced mechanical hypoalgesia, but
thermal hypoalgesia was not affected. This may reflect
differential sensitivity of large myelinated vs small unmy-
elinated fibres in this animal model [18]. In addition to the
peripheral nervous system, WldS also showed protective
effects against diabetic neuropathy in the retina, as indicated

by significant improvement in the oscillatory potentials of
the electroretinogram, which is considered to be a functional
indicator of inner retinal neurotransmission [11].

The mechanisms of WldS protection of beta cells and
axons in STZ-triggered diabetic models remain to be
determined. Previous studies have suggested that WldS

protects axons and synapses in both the central and
peripheral nervous systems from injury, neurotoxin and
inherited neurodegenerative conditions. Such protective
effects of WldS depend on the NAD-synthesising enzymatic
activity of nicotinamide mononucleotide adenylyltransfer-
ase1, a major component of the WLDS fusion protein.
Recent studies have suggested that it is the WLDS protein
in the cytoplasmic compartment, in particular those
associated with mitochondria, that is responsible for the
protective effects. NAD is well known as a coenzyme in

Fig. 5 Metabolic variables in mice during induction/onset of diabetes
with a single high dose (150 mg/kg) of STZ. a Fasting tail vein blood
glucose concentrations were measured 1 week after STZ and every
other week. Fasting serum insulin (b) and GHb (c) concentrations
were measured 7 weeks after induction of diabetes. No significant

difference was detected between STZ-treated WT and WldS mice.
Values are expressed as means±SEM, n=5–20 per group. Black bar,
WT mice; white bar, STZ-treated WT mice; grey bar, WldS mice;
striped bar, STZ-treated WldS mice. *p<0.05 compared with control
group

Fig. 4 a Expression of WldS in WldS mouse islets was identified by
RT-PCR. The RT-PCR product amplified from WldS mouse spinal cord
was used as a positive control. b NAD/NADH ratio in islets from
control and diabetic mice. c ATP concentrations in islets from control
and diabetic mice were determined by luminometry using the

luciferin–firefly luciferase reaction. d Western blot analysis of
caspase-3 using islet lysates from control and diabetic mice, with a
representative immunoblot. e Densitometric analysis of three different
immunoblots using Image-J software. *p<0.05 compared with control
group. †p<0.05 compared with STZ-treated WT mice

2446 Diabetologia (2011) 54:2440–2450



oxidation–reduction reactions, in which it can accept and
donate electrons and participate in ATP generation. Thus, it
is possible that WLDS-mediated protection against beta cell
death is due to similar mechanisms. Previous studies have
shown that intracellular events that affect NAD concen-
trations or NAD/NADH ratios may affect physiological and
pathological processes through sirtuin 1 (SIRT1)-dependent
pathways [8, 9]. SIRT1, which is constitutively produced in
the endocrine cells of the islets of Langerhans, can repress
uncoupling protein 2, enhancing ATP production and
thereby sensitising the pancreas to blood glucose [19, 20].
Moreover, nicotinamide (vitamin B3), a water-soluble
vitamin, is a major NAD+ precursor, a product inhibitor of
most of the NAD+-consuming enzymes, and a weak first-
generation inhibitor of PARP [21]. It has been the subject of
intensive clinical trials around the world as a means of
preventing or delaying the clinical onset of diabetes in
humans [22, 23]. Other structurally diverse PARP inhib-
itors, such as 3-aminobenzamide and PJ34 (the hydrochlo-
ride salt of N-[oxo-5,6-dihydrophenanthridin-2-yl]-N,N-

dimethylacetamide), as well as PARP deficiency (Parp–/–)
also attenuated hyperglycaemia and decreased NAD+

concentrations of beta cells and consequently prevented
their destruction [24–26]. These inhibitors, as well as
Parp–/– mice, were also protected from diabetic SMNCV
and TSNCV deficits, neurovascular dysfunction and nerve
energy failure, which were clearly manifest in the WT
(Parp+/+) diabetic mice [18, 27, 28]. Other studies have
revealed that PARP activation is present in RGC layers of
rats with short-term (4 weeks) STZ diabetes [29]. In rats
with 12-week STZ diabetes, increased poly(ADP-ribose)
reactivity is present in the nuclei of the ganglion cell layer
[30]. 3-Aminobenzamide and PJ34 blunted it, and this was
associated with a reduction in retinal NAD+ concentration
[29, 30]. Thus, a possible model is that WldS prevents
development of type 1 diabetes by preventing intracellular
NAD+ consumption and decreases in the ATP pool,
inhibiting beta cell apoptosis; and it is supposed that WldS

attenuates early PDN and DR probably by increasing NAD
biosynthesis and partial inhibition of PARP.

Fig. 7 SMNCV a and TSNCV b measured in ms were quantified in
control and diabetic mice 7 weeks after STZ. c–f Representative
pERG waveforms from control and diabetic mice at the 7 week time
point (c WT; d WT + STZ; e WldS; f WldS + STZ). g Peak amplitudes

of the response wave in control and diabetic mice. For a, b and g,
values are expressed as means±SEM, n=5–9 per group. *p<0.05
compared with control group. †p<0.05 compared with STZ-treated
WT mice

Fig. 6 Behavioural tests were measured 1 week after STZ and every
other week. a Grip strength in diabetic and control mice. b Paw
withdrawal latencies in response to thermal stimuli in control and
diabetic mice. c Paw withdrawal thresholds in response to stimulation
with rigid von Frey filaments in control and diabetic mice. Values are

expressed as means±SEM, n=5–14 per group. Black bar, WT mice;
white bar, STZ-treated WT mice; grey bar, WldS mice; striped bar,
STZ-treated WldS mice. *p<0.05 compared with control group.
†p<0.05 compared with STZ-treated WT mice
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Diabetes-induced damage to peripheral nerves culmi-
nates in development of diabetic distal symmetric sensori-
motor polyneuropathy, typically referred to as PDN [31].
Diabetes may reduce insulin receptor signalling in the
retina, leading to neurodegeneration. Neuroretinal compro-
mise may develop early in the course of DR, even before
the onset of microvascular changes [32]. DR may be a
sensory neuropathy which affects the retinal parenchyma,
similarly to PDN. Hyperglycaemia leads to diabetic
complications via multiple mechanisms, which contribute
to enhanced oxidative/nitrosative stress, which is in turn
responsible for activation of important downstream path-
ways, e.g. mitogen-activated protein kinases, inflammatory
response and PARP. Growing evidence indicates that
catalytic activation of PARP is an early and fundamental
mechanism of diabetic complications [33, 34]. PARP
activation causes: (1) NAD+ depletion and energy failure
[35, 36]; (2) changes in transcriptional regulation and gene

expression [37, 38]; (3) diversion of the glycolytic flux
from glyceraldehyde-3-phosphate dehydrogenase to several
pathways associated with hyperglycaemia-induced injury
[39]; and (4), in extreme cases, induction of necrosis and
apoptosis [36, 40].

It is well known that diabetic rodents have a limited
lifespan. In the last decade, a direct relationship between
SIRT1 and life extension has been shown in lower
organisms such as yeast, Caenorhabditis elegans and
Drosophila melanogaster [41–43]. WldS may improve
lifespan response to STZ-induced diabetes by maintaining
NAD+ concentrations and activation of SIRT1.

In conclusion, these data suggest that WldS decreases
beta cell destruction and preserves islet function in STZ-
induced diabetes, and it may be protective against neuronal
pathology associated with diabetic models. These results
suggest a novel protective strategy for diabetic models and
perhaps patients.

Fig. 8 Eyes were harvested 7 weeks after induction of diabetes. a, b
Representative microphotographs of HE and immunohistochemistry
staining of retinas in control and diabetic mice. Retina shows the
presence of all retinal layers; GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment
epithelium layer. Original magnification, ×400; scale bar, 6.3 μm. c,

d RGC and TUJ1+ RGC count in retinas from control and diabetic
mice. e NAD/NADH ratio in retinas from control and diabetic mice.
For c–e, values are expressed as mean±SEM, n=5–9 per group. *p<
0.05 compared with control group. †p<0.05 compared with STZ-
treated WT mice
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