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Abstract

Diabetic neuropathy is one of the most serious complications of diabetes, and its increase shows no sign
of stopping. Furthermore, current clinical treatments do not yet approach the best effectiveness. Thus, the
development of better strategies for treating diabetic neuropathy is an urgent matter. In this review, we first
discuss the advantages and disadvantages of some major mouse models of diabetic neuropathy and then
address the targets for mechanism-based treatment that have been studied. We also introduce our studies
on each part. Using stem cells as a source of neurotrophic factors to target extrinsic factors of diabetic neu-

ropathy, we found that they present a promising treatment.
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Introduction
About 8.3% of the world’s population is currently estimated
to have diabetes mellitus; and by 2050, one third of all Amer-
ican will develop this metabolic disease if its present rate of
increase cannot be controlled (Bril, 2014). More seriously,
diabetes results in many complications; and diabetic neurop-
athy is one of the most common of them, affecting 30-50%
of diabetic patients (Vuong et al., 2018). The link between
diabetes and neuropathy has been noticed for over 100 years,
and during this time many types of diabetic neuropathy have
been classified. Among them, diabetic sensorimotor poly-
neuropathy has the highest incidence found in both type 1
and type 2 diabetic patients (Tracy and Dyck, 2008).
Although the advance of functional imaging technology
has opened the new horizon for experimentation in human
beings, studies on pain based on behavioral animal models
are still necessary. Mice and rats are two species that have
been widely used for studies on mechanisms, pathogenesis,
and treatment of diabetic neuropathy. Both type 1 and type
2 diabetes result in this disorder. In general, chemical induc-
tion, nutrition induction, and genetic modification are the
three main strategies for establishing diabetic neuropathy
models in rodents (Shaikh and Somani, 2010; Islam, 2013).
The greatest challenge in early studies on diabetic neuropa-
thy was the availability of sensitive methods to detect neuro-
pathic changes in animal models. The development of mod-
ern techniques has played a critical role not only in affording
us a better understanding about the pathogenesis of diabetic
neuropathy at morphological, biochemical, and electro-
physiological levels but also in finding novel treatments.
The Diabetic Neuropathy Study Group of the European As-
sociation for the Study of Diabetes (EASD) recommended
the assessment of three parameters for the identification of
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the neuropathy phenotype in rodents, i.e., behavior, nerve
conduction velocity, and nerve structure with there being a
significant difference in two out of these three parameters
compared with those for control mice of the same age (Bies-
sels et al., 2014).

An understanding of the mechanisms and pathogenesis
of diabetic neuropathy is very important for preventing its
progression and finding better treatments. Hyperglycemia
is commonly supposed in both type 1 and type 2 diabetes
to be the main cause of diabetic neuropathy (Harati, 2007)
via four associated pathways found in both the human and
mouse consisting of polyol pathway, the advanced glycation
end-product (AGE) pathway, the protein kinase C pathway,
and the hexosamine pathway (Leinninger et al., 2004). In the
polyol pathway, after being activated in a hyperglycemia, al-
dose reductase converts glucose to sorbitol and then lead to
multiple glycolysis reactions that subsequently result in the
shortage of cytoplasmic nicotinamide adenine dinucleotide
phosphate (NADPH). A reduction in the cytosolic level of
NADPH causes a decrease in the most important cellular
antioxidant, glutathione (Du et al., 2009). Furthermore, a
decreased amount of nicotinamide adenine dinucleotide
(NAD") inhibits the activity of glyceraldehyde-3-phosphate
dehydrogenases (GAPDHs), which play a role in keeping
the normal flux of glucose through the glycolysis pathway.
Inhibition of GAPDHs also causes the accumulation of
GAPDH metabolites that then activates the hexosamine
pathway (Leinninger et al., 2004). The polyol pathway finally
results in the loss of normal energy production and protec-
tive systems (Leinninger et al., 2004). AGEs are the products
of glycation generated in the polyol pathway; and together
with their receptors (RAGEs), they lead to the formation of
reactive oxygen species and activation of NF-kB, which is an
apoptotic transcription factor (Brownlee, 2000). The protein
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kinase C pathway is activated by diacylglycerol as a response
to a high-glucose environment and has been reported to
be tightly linked to many diabetic complications (Koya and
King, 1998). As for the hexosamine pathway, its products,
such as acylglycosylated proteins, cause an increase in the
levels of proteins associated with diabetic complications,
especially in the case of type 2 diabetes (Leinninger et al.,
2004). In addition to hyperglycemia, other factors such as
dyslipidemia (Vincent et al., 2009) and changes in insulin
signaling (Murakawa et al., 2002; Kim and Feldman, 2012)
have been reported as other contributors to the progression
of diabetic neuropathy.

In this review, we first discuss the advantages and dis-
advantages of some major mouse models of diabetic neu-
ropathy that have been developed and studied extensively.
Then in the second part, we address the targets for mecha-
nism-based treatment of diabetic neuropathy that have been
studied at both preclinical and clinical levels. We also intro-
duce some results from our previous and present studies in
this area.

We have performed a literature search through Pubmed
and Scopus with the following keywords: “mouse models of
diabetic neuropathy”, “diabetic neuropathy”, “clinical treat-
ment of diabetic neuropathy”, “nerve regeneration’, “intrinsic
brakes of nerve regeneration’, and “extrinsic factor of nerve
regeneration”. Using these studies, we reviewed mouse mod-
els and targets for mechanism-based treatment of diabetic
neuropathy.

Experimental Mouse Models of Diabetic
Neuropathy

Rodents are commonly used in studies on diabetes and its
complications because of their advantages in terms of cost,
breeding time, housing and handling, and ethical consider-
ations. There are three main approaches to establish mouse
models of diabetic neuropathy: nutritional induction, genet-
ic modification, and chemical induction. Each approach has
advantages and disadvantages as well as limitations. In par-
ticular, Harati (2007) in a comprehensive review proposed
that the major hurdle in studying diabetic neuropathy is the
lack of an adequate animal model showing relevant acute
and chronic events leading to diabetic neuropathy.

Nutrition-induced diabetic neuropathy mouse model

By mimicking the metabolic syndrome in humans, nutri-
tional induction has been used to establish type 2 diabetic
neuropathic pain. In general, these experimental animals
are fed a high-fat diet to develop diabetes after a long period
associated with obesity. When fed a high-fat diet consisting
of 24% fat (from soybean oil and lard), 24% protein and 41%
carbohydrate for 12 weeks, C57BL/6 develop symptoms of
prediabetes and present signs of neuropathy including de-
creased sensory nerve conduction velocity, reduced density
of intraepidermal nerve fibers (IENF), and thermal hypoal-
gesia (Coppey et al.,, 2012). Especially, Sullivan et al. (2007)

showed that the hyperglycemia and neuropathy were more
robust when C57BL/6 db/db mice were fed a high-fat diet
with 17% kcal from fat. Compared to other approaches to
establish diabetic neuropathy mouse models, diet/nutrition
induction requires a long time for model establishment
(Gao and Zheng, 2014). Other factors including variations
in neuropathy phenotyping measurements, differences in
sex and age, duration of high-fat diet feeding, and the source
and percentage of fat content in food were also reported to
have an effect on the degree of neuropathy in these models.
The Jackson Laboratory reported that male mice are more
suitable for diet/nutrition induction of diabetes. In addition,
differential sensitivity to pain has been noticed between male
and female mice (Stavniichuk et al., 2010). Besides, the type
of fat content also has an effect on the severity of diabetes.
Compared with unsaturated fat (fish oil), food consisting of
saturated and obesogenic fat are more effective than other
fat diets in causing weight gain in mouse models (Ikemoto
et al., 1996; Wang et al., 2002). These high-fat diet-fed dia-
betes models show advantages in studies on pre-diabetic or
obesity related neuropathy but they seem not to be suitable
for studying chronic diabetic neuropathy (Obrosova et al.,
2007b).

Genetically modified diabetic neuropathy mouse model
Transgenic rodent models of type 1 and type 2 diabetic neu-
ropathy have been developed. Non-obese diabetic (NOD)
and B6Ins2*“ mice are two of the most investigated mod-
els of type 1 diabetes. NOD mice develop autoimmune T
cell-mediated insulin-dependent diabetes mellitus spon-
taneously due to a heritable polygenic immunodeficiency
(Leiter, 2001). A previous article from the Jackson Labora-
tory reported that the progression of diabetes in NOD mice
is susceptible to variability and is affected by many factors
such as housing conditions, diet, and sex (Leiter, 2001). In
contrast to induction by diet/nutrition or streptozotocin
(STZ), female mice are frequently used due to their earlier
development of type 1 diabetes symptoms (Leiter, 2001).
Previous studies on this diabetic mice showed that hyper-
algesia occurred early at 8 weeks (Gabra and Sirois, 2005),
and hypoalgesia at 12 weeks of age (Obrosova et al., 2005).
Carrying a point mutation in the Ins2 insulin gene, C57BL/6
mice, designated as B6Ins2** mice, spontaneously develop
type 1 diabetes at 7 weeks of age (Yoshioka et al., 1997). Mul-
tiple studies on these mice showed that diabetic sensorim-
otor neuropathy progresses gradually (Choeiri et al., 2005;
Sullivan et al., 2007) but they robustly and rapidly develop
sympathetic autonomic neuropathy (Schmidt et al., 2009).
Both NOD and B6Ins2*"* mice have been shown to develop
disease consistent with the pathogenesis of human peripher-
al diabetic neuropathy (Schmidt et al., 2003, 2009; Choeiri et
al., 2005).

Leptin is a hormone secreted from adipocytes after food
intake, and it controls appetite via hypothalamic signaling
(O’Brien et al., 2014). Thus, mutation of leptin (0b/ob mice)
and its receptor (db/db mice) are targets widely investigated
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to establish type 2 diabetes animal models. According to
the literature, there have not been many studies on ob/ob
mice. Drel et al. (2006) reported that thermal hypoalgesia
was clearly revealed in ob/ob mice. In addition, compared
with age-matched control mice by 11 weeks of age, these
mice showed a remarkable decrease in density of IENF and
in motor and sensory nerve conduction velocities (Drel et
al., 2006), thus suggesting that ob/ob mice would be a good
choice for a model of hypoalgesia. Established by Sima and
Robertson (1978), the C57BKS db/db mouse is known as one
of the first mouse models of diabetic peripheral neuropathy.
Subsequent studies on this genetic type 2 diabetes model
showed that the signs of diabetes and diabetic neuropathy
typically occur early. In particular, these animals exhibit
hyperalgesia and allodynia between 8—12 weeks and hypoal-
gesia after 12 weeks of age and present impaired motor and
sensory nerve conduction velocity as well as abnormal nerve
morphology (i et al., 2005; Cheng et al., 2009; Kan et al.,
2012). However, by following up on the literature describing
studies on this db/db mouse model, we recognized variation
in neuropathy characterization of this model. In particular,
Wright et al. (2007) showed that whereas tactile allodynia is
present in them, significant thermal hypoalgesia or a reduc-
tion in IENF density is not found. In contrast, later works re-
ported the presence of both thermal and mechanical hypoal-
gesia and allodynia in this model (Sullivan et al., 2007; Wang
et al, 2011; Dauch et al,, 2012). The type of mouse strain was
also noted to affect the development of neuropathy. Hyper-
glycemia is more stable and neuropathy is more severe in
C57BKS db/db than in C57BL/6 db/db (Sullivan et al., 2007;
Dauch et al,, 2012).

These above-mentioned limitations suggest that in studies
using genetic type 1 and type 2 diabetic mouse models, a
high number of mice and a great amount of time are needed
to have a desired cohort having similar diabetic neuropathy
phenotypes.

Chemical-induced diabetic neuropathy mouse models

STZ-induced diabetes is the most common model used for
the studies on diabetic neuropathy (Pittenger and Vinik,
2003; Colleoni and Sacerdote, 2010; Islam and Wilson, 2012).
STZ, known as a powerful alkylating agent, selectively kills
pancreatic P cells by interfering with glucose transport and
glucokinase function and by inducing DNA strand breaks
(Rees and Alcolado, 2005). Many approaches using STZ for
establishing diabetes mice have been developed. A single
high dose injection of STZ results in extreme destruction in
type 1 diabetes; whereas an intermediate one causes partial
damage to pancreatic {3 cells that resembles the characteristic
damage seen in type 2 diabetes (Islam and Wilson, 2012).
Some studies have described symptoms of neuropathy in di-
abetes mouse models induced by STZ (Vareniuk et al., 2008;
Murakami et al., 2013). Compared with other approaches
to prepare diabetic mouse models, this chemical-induced
model is not expensive; and optimization of the procedure is
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easy. In addition, this model is appropriate to use for testing
the effects of new drugs, therapies or transplantation on the
lowering of blood glucose (King, 2012). The main limitation
related to this model is the difference in many features and
mechanisms of diabetes induced by STZ from the real dia-
betes seen in human beings. Furthermore, the mice in these
models experience severe distress and impaired general
conditions, thus resulting in difficulty in gathering data or
measuring pain scores (Colleoni and Sacerdote, 2010).

In particular, with a slight modification of the previous
study of Nakamura et al. (2006), we have recently and suc-
cessfully established a mouse model of non-obese type 2
diabetes that is frequently found in Asia (Vaag and Lund,
2007). Especially, nicotinamide (NA) was used to partially
protect pancreatic B cells from the effect of STZ. Compared
with type 1 diabetic mice induced by a high dose of STZ,
type 2 diabetic mice induced by NA-STZ survive longer and
maintain a normal body weight like that of control mice.
However, they show significantly higher serum glucose levels
by random glucose measuring and glucose tolerance testing.
Furthermore, the number of pancreatic B cells and plasma
insulin level in these type 2 diabetic mice are remarkably
decreased (Vuong et al., 2018). More importantly, our NA-
STZ diabetic model mice display the symptoms that meet
the criteria for diabetic neuropathy recommended by EASD
(Neurodiab), including behavior, physiology, and structure.
In particular, as compared with age-matched non-diabetes
mice, type 2 diabetic mouse model show: 1) responses to
mechanical stimuli by von Frey filaments at a lower thresh-
old of 0.16 g, indicative of mechanical hyperalgesia (Fig-
ure 1C & D); 2) a significantly higher cutaneous stimulus
threshold, suggesting that the threshold for eliciting action
potentials in the periphery is increased in diabetic mice (Ta-
ble 1); and 3) a significant reduction in the number of IENF
(Figure 1A & B) (Vuong et al., 2018). In addition, because
sciatic nerve crush has been shown to be an appropriate and
widely used model for studies on neuroregenerative ther-
apeutic modalities (Magill et al., 2007), we combined our
recently and successfully established sciatic nerve transec-
tion-regeneration model (Unezaki et al., 2009) to the non-
obese type 2 diabetic mouse model and examined the nerve
regeneration in this combined model. The data showed that
type 2 diabetic mice display delayed functional recovery and
nerve regeneration, suggesting that our model is suitable for
the study of the pathogenesis and treatment of early diabetic
neuropathy (Vuong et al., 2018).

Table 1 Measurement of sensory nerve conduction

Aged-match normal Type 2 diabetic mice
Item mice (n =12) (n =13)
Latency (ms) 7.51+£0.72 7.90+0.64
Stimulus threshold (mA) 0.27+0.04 0.51+0.09"

Data was shown the mean + SEM. *P < 0.05, vs. aged-match normal
mice (two-tailed unpaired Student’s t-test). Reprinted with permission
from Vuong et al. (2018).
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Targets for Treatment of Diabetic Neuropathy
Intrinsic targets

Growth suppressor

Tumor suppressor molecules are known as the brake to the
development of cancer by inhibiting cell proliferation and
differentiation of dividing cells (Krishnan et al., 2016). The
division of Schwann cells and regeneration were reported
to involve some common signaling components including
certain tumor suppressor genes (Krishnan et al., 2016). Thus,
it is a completely logical idea that inhibiting the expression
of these tumor suppressor molecules would release the brake
on nerve regeneration.

As one of the key members of the phosphoinositide 3-ki-
nase-protein kinase B (Akt) pathway, which is known to play
arole in enhancing axon growth, phosphatase and tensin ho-
molog (PTEN) is an interesting target for studies focused on
the promotion of nerve regeneration. Many previous studies
showed that inhibition of PTEN enhances axon growth in
both the central nervous system (Park et al., 2008; Liu et al.,
2010) and peripheral nervous system (Christie et al., 2010;
Zhou et al., 2012). In particular, we found in our recent work
that the expression of PTEN is elevated in the dorsal root
ganglions (DRGs) of diabetic mice and that the introduction
of a PTEN inhibitor to the distal stump of sciatic nerve pro-
motes nerve regeneration in both diabetic mice and normal
mice (Vuong et al.,, 2018). Previous studies reported that Akt
network plays an important role in both mice and humans
(Brosius et al., 2010; Manning and Toker, 2017), suggesting
that these promising results can be translated to human
treatment; however, further studies on this target are need-
ed. In addition to PTEN, other tumor suppressor molecules
such as Rb1, p53, and BRCA1 were reported to be involved in
inhibiting nerve regeneration (Krishnan et al., 2016, 2018).

Calcium

As an essential component for membrane sealing after axo-
nal transection, calcium plays a critical role in axon regener-
ation (Xie and Barrett, 1991) and in growth cone formation
by rearranging cytoskeletal proteins (Chu and Tator, 2001;
Spira et al., 2003; Chierzi et al., 2005). After an injury, cal-
cium influx into the axons is increased until the membrane
reseals (McCallum et al., 2006). Other roles of calcium were
also documented. Calcium activates kinases such as protein
kinase A and extracellular signal-related protein kinases to
induce cytoskeletal reorganization and axonal protein syn-
thesis (Doron-Mandel et al., 2015). Furthermore, calcium
influx activates proteolytic machinery including calpain,
which has been shown to be involved in cleavage of the
sub-membrane protein spectrin, releasing membrane ten-
sion, rearranging microtubules and neurofilaments, and fa-
cilitating lipid vesicle access to the plasma membrane (Gitler
and Spira, 1998; Spira et al., 2003). There are two compre-
hensive reviews in the literature on abnormal calcium sig-
naling affecting axonal degeneration in peripheral diabetic
neuropathy (Voitenko, 2004; Fernyhough and Calcutt, 2010).
Some studies targeting Ca(V)3.2 T-type calcium channels

in preclinical models showed a potentially positive effect of
reversing diabetic neuropathic pain (Messinger et al., 2009),
however, there has currently been no translation of these re-
sults to clinical trials.

Cyclic adenosine monophosphate

The idea of increasing the cyclic adenosine monophosphate
(cAMP) level to promote axonal regeneration was raised
from the knowledge that cAMP is involved in many key in-
tracellular signaling pathways. Many different mechanisms
were reported to be involved in the effects of CAMP on nerve
regeneration including increasing translocation of growth
factor receptors from the cytoplasm to the cell membrane
(Meyer-Franke et al.,, 1998), indirectly mediating the neuri-
togenic effects of neurotrophic factors (Gao et al., 2003) and
hydrolyzing arginine into urea and ornithine to protect ax-
ons from inhibition of myelin formation during regeneration
(Lange et al., 2004). Particularly, previous studies on diabetic
neuropathy also showed the involvement of cAMP in the
progression of diabetic neuropathy (Sanchez and Sharma,
2009; Bai et al., 2014). Notably, a phosphodiesterase-5 in-
hibitor is one of promising cyclic nucleotide drugs for the
treatment of diabetic neuropathy, as revealed by both pre-
clinical and clinical studies (Jain et al., 2001; Patil et al., 2004;
Hackett, 2006; Wang et al., 2011, 2017). In clinical trials, the
inhibition of phosphodiesterase-5 was proved to have no se-
vere side effects in patients and to attenuate symptoms of di-
abetic peripheral neuropathy (Hackett, 2006). The increasing
number of studies focusing on cAMP suggests that cCAMP is
a promising target for accelerating nerve regeneration.

Other intrinsic targets

In addition to the major intrinsic factors discussed above,
others have also been reported. Given that diabetic neuro-
pathic pain may be the result of changes in both peripheral
and central nervous systems (Chen and Pan, 2002), some
central factors have been considered as contributors to dia-
betic neuropathy such as the strengthened level of glutamate
released from primary afferents in the spinal cord (Zheng et
al., 2010) and the down-regulation of gamma-aminobutyric
acid type B receptors (Bai et al., 2014). Many studies have
demonstrated that multiple ion channels are altered in both
animal models of and human patients with diabetes, includ-
ing voltage-gated Na" channels (Nav) (Craner et al., 2002;
Misawa et al., 2009), Ca®* channels (Hall et al., 2001; Jagodic
et al., 2007), and voltage-dependent K" channels (Cao et al.,
2010), suggesting the involvement of changes in ion channel
expression in diabetic neuropathic pain. Another interesting
intrinsic factor that has been noted for a long time (Spuler et
al., 1988; Liniger et al., 1989) and revisited recently (Mallik
et al., 2017) is ganglioside, which is a membrane-associated
molecule playing a role in regeneration.

Extrinsic targets
Glial cell activation
Glia are mainly responsible for maintaining homeostasis,
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forming myelin, and protecting neurons in both the central
and peripheral nervous systems (Mika et al., 2013). All of the
glial cells in the spinal cord are affected by diabetes (Schreiber
etal, 2015) resulting in detrimental changes in sensory neu-
rons and increased regulation of Nav1.3 sodium channels
in DRGs (Cheng et al.,, 2014). After having been activated,
astrocytes and oligodendrocytes near sites of injury produce
myelin proteins such as myelin-associated glycoprotein and
oligodendrocyte myelin glycoprotein that function as axon
growth inhibitors by acting through the intracellular Rho
GTPase signaling cascade (Yiu and He, 2006). There are two
alternative approaches for targeting this extrinsic factor for
the control of diabetic neuropathy, i.e., inhibition of glial ac-
tivation and inhibition of products formed by the activation
of glia cells. Some agents such as minocycline and propen-
tofylline have been used in patients with neuropathic pain,
but definitive evidence for their efficacy was not recorded
(Ellis and Bennett, 2013). Intrinsic differences between ro-
dents and human microglia is supposedly the main reason
for this difference in these results, thus providing a valuable
note for future studies on this target (Landry et al., 2012).

Glycation products, oxidative, and nitrosative stress
Glycation is the non-enzymatic reactions of glucose,
a-oxoaldehydes, and other saccharide derivatives with pro-
teins, nucleotides, and lipids that subsequently forms early
glycation adducts and AGEs (Obrosova, 2009). These glyca-
tion products function abnormally to disrupt molecular con-
formations, alter enzymatic activity, and interfere with recep-
tor functioning; and taken together, they contribute to the
pathology of diabetic complications (Dickinson et al., 2002;
Ahmed, 2005; Singh et al., 2014). Many drugs have been
reported as potential medicines for the inhibition of AGEs
and their receptors (RAGEs) (Wada et al., 2001; Hammes et
al., 2003; Thornalley, 2005), thus suggesting an alternative
approach for improving the status of patients with diabetic
neuropathy.

Oxidative stress products are produced from the polyol
pathway or by enhanced formation of free radicals due to
glucose metabolism itself and/or to deficits in antioxidant
defense (Schreiber et al., 2015). Some studies also showed
that there is a link between increased formation of AGEs or
increased expression of RAGEs and oxidative stress prod-
ucts (Brownlee, 2001; Giacco and Brownlee, 2010). Together
with oxidative stress products, reactive nitrogen species are
also reportedly contributors to the progression of diabetic
neuropathy (Obrosova et al., 2005; Drel et al., 2007b). Espe-
cially, reactive nitrogen species were noted to have negative
effects on all major cells responsible for peripheral diabetic
neuropathy (Obrosova, 2009). Some clinical studies showed
that antioxidants are potent for the improvement of diabetic
neuropathy (Tang et al., 2007; Ruessmann and German Soci-
ety of out patient diabetes centres AND (Arbeitsgemeinschaft
niedergelassener diabetologisch titiger Arzte e.V.), 2009; Mi-
jnhout et al., 2010).
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Neurotrophic suppor

Neurotrophic factors play a crucial role in the regulation
of survival and differentiation of neural cells (Afshari et al,,
2009). In the progression of diabetic neuropathy, a num-
ber of neurotrophic factors are impaired or altered (Lein-
ninger et al., 2004; Obrosova, 2009). Thus, many studies
have approached the improvement of diabetic neuropathy
by introducing exogenous neurotrophic factors to diabetic
mouse models. In a previous study, Christianson et al. (2007)
showed that intrathecal administration of recombinant nerve
growth factor (NGF) and neurotrophin-3 to diabetic mice
promoted the innervation of myelinated fibers in their plan-
tar skin. Other studies have also supported the potential of
recombinant growth factors such as NGF (Apfel et al., 1994;
Whitworth et al., 1995), glial cell-derived neurotrophic factor
(Akkina et al., 2001), and neurotrophin-3 (Sayers et al., 2003)
as therapeutics to prevent or relieve diabetic complications.
Especially, some clinical studies using neurotrophic factors
for the treatment of diabetic neuropathy have been summa-
rized in a critical review by Leinninger et al. (2004).

Another source for neurotrophic factors that has been not-
ed recently is stem cells. Many kinds of mesenchymal stem
cells have been reported as potential sources secreting neu-
rotrophic factors that provide beneficial effects of neuropro-
tection and neuroregeneration (Koh et al., 2008; Nesti et al.,
2011; Zhou et al., 2016). In our recent study, we focused on
adipose-derived stem cells (ADSCs) because of their advan-
tages compared to other kinds of mesenchymal stem cells.
These cells are an abundant source, easily harvested and
cultured, and show rapid proliferation (Luna et al., 2014). In
addition, previous studies showed that from an equivalent
amount of tissue, the number of stem cells isolated from ad-
ipose tissue is 500 times greater than that isolated from bone
marrow (Hass et al., 2011). Furthermore, there are many re-
ports showing that ADSCs also secrete various neurotrophic
factors such as NGF and brain derived neurotrophic factor
(Lopatina et al., 2011; Lu et al., 2011; Hofer and Tuan, 2016),
thus suggesting their use as a potential approach for both
treatment of neurological diseases and repair of damaged pe-
ripheral nerves. Some studies collected neurotrophic factors
secreted into the culture media under an hypoxic condition
(Lopatina et al., 2011; Lu et al., 2011) whereas others used
certain supplements to induce ADSCs to differentiate into
neural cells (Kingham et al., 2014; Georgiou et al., 2015).
Strikingly, previous studies of Lattanzi et al. (2011) and Lu et
al. (2011) on human ADSCs and our recent study on mouse
ADSCs (mADSCs) found that ADSCs also secrete neuro-
trophic factors under normal culture conditions. In particu-
lar, quantitative real time polymerase chain reaction results
on mADSCs at passage 3 showed significant increases in the
expression of NGF, brain derived neurotrophic factor, glial
cell-derived neurotrophic factor, and ciliary neurotrophic
factor compared with those in adipose tissue; and the ex-
pression of neurotrophin-4 tended to increase, but this in-
crease was not significant (Figure 2). We then established a
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Figure 1 Characterization of type 2

* diabetic neuropathy mouse model.

(A) Representative images of intraepi-
dermal nerve fibers (IENF) in the plantar
skin of type 2 diabetic mice (type 2 Db)
and aged-match normal mice (Non-Db).
Immunostaining with anti-PGP9.5 an-
tibody and counterstaining with 4',6-di-
amidino-2-phenylindole (DAPI). Scale
bar: 50 um. The enlarged figure presents
the epidermis layer (e) (between yellow
dashed lines) and dermis layer (d), the
counted IENF (arrows), and uncounted
IENF (arrowheads). Scale bar: 25 pm. (B)
Quantification of the number of IENF per
mm. (C) Illustration of behavioral test by
von Frey filaments. Von Frey filaments,
ranging from 0.02—4 g (cut-off value),
are applied to the testing area until they
buckle. (D) Withdrawal thresholds to me-
chanical stimuli. The data are shown as the
mean + SEM. *P < 0.05, kP < 0.0001
by two tailed ¢-test. Figure 1A, B, and D
are reprinted with permission from Vuong
etal. (2018).
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Figure 2 Increased expression of nerve growth factor (NGF) (A), brain-derived neurotrophic factor (BDNF) (B), and glial cell-derived
neurotrophic factor (GDNF), neurotrophin-4 (NT4), and ciliary neurotrophic factor (CNTF) (C) in mouse adipose-derived stem cells
(mADSCs) at passage 3 compared with that in adipose tissue (AT).

Glyceraldehyde-3-phosphate dehydrogenase was used as a reference gene. Each gene was assayed triply. *P < 0.05, P < 0.01, *¥*P < 0.001, vs. AT
(two tailed t-test).
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Figure 3 Promotion of neurite extension by conditioned media containing equal volume of mouse adipose-derived stem cell-media and
Neurobasal A (conditioned media).

(A, B) Representatives of dorsal root ganglion neurons cultured in Dulbecco’s modified Eagle medium (DMEM) (A) or in conditioned media
(B). Scale bar: 100 pm. (C) Graph shows that the conditioned media promoted neurite extension of dorsal root ganglion neurons. **P < 0.01, vs.
DMEM (two tailed t-test).
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culture system for mADSCs in which the cells were cultured
in Eagle’s minimal essential medium supplemented with fe-
tal bovine serum from primary to secondary culture passage
2 and subsequently in serum-free Eagle’s minimal essential
medium at passage 3. Equal volumes of mADSCs-media
collected at passage 3 and Neurobasal A (21103-049, Gibco,
Waltham, MA, USA) were mixed (conditioned media) for
use in DRG neuron cultures by the protocol described pre-
viously (Tu et al., 2016). The results showed that the neurite
extension of DRG neurons was promoted significantly when
the cells were cultured in this mixture (Figure 3). These
results suggest that mADSCs secreted neurotrophic factors
into their culture media.

Discussion

Like other diseases, the greatest hurdle in studies on diabe-
tes is establishing the appropriate animal models that have
symptoms, progression, and complications similar to those
of this disease in actual human patients. There are three
main approaches for preparing animal models of diabe-
tes: chemical induction, nutritional induction, and genetic
modification. Each approach has its own advantages and
disadvantages. In general, the strain, sex, and age of mice
have been noted as factors affecting the success in estab-
lishing diabetic mouse models. Until now, there has been
no animal model that completely and accurately reflects the
real progression and symptoms of diabetic neuropathy seen
in human beings. Thus, appropriate model selection must
be made with regards to the aim and scope of the study.
Careful and detailed experimental procedures are thus also
always critical. In addition, although there is a great amount
of literature on studies using animal models of diabetic neu-
ropathy, optimization of all procedures for establishing and
characterizing diabetic neuropathy models is needed prior
to examining the treatment targets. Together with efforts in
establishing more suitable models of diabetic neuropathy,
scientists around the world also set the criteria for character-
ing such models. The criteria recommended by The Diabetic
Neuropathy Study Group of the EASD (Neurodiab) is widely
used (Biessels et al., 2014). Islam (2013) also recommended
that sensitivity to anti-diabetic and anti-neuropathic drugs
should be added as additional criteria of successful models
of diabetes. In this regard, the use of appropriate and sensi-
tive methods to characterize the established diabetic neurop-
athy models is one of the most important considerations for
a successful study. It is generally suggested to use more than
one method for each purpose. The combination of a diabetic
model with other models was also reported in some articles
to serve the specific aim of the studies. In a previous study of
ours, we established a combined sciatic nerve transection-re-
generation and type 2 diabetic neuropathy mouse model
and showed that this combination was suitable for studies
on the treatment of pre-diabetic and early stages of diabetic
neuropathy in humans, known as stocking-glove neuropathy
(Vuong et al., 2018).
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Following up the literature regarding research on diabetic
neuropathy, we have noted that some treatment strategies
gave great results at the clinical level (Hackett, 2006; Tang et
al., 2007; Mijnhout et al., 2010). However, there is a contro-
versy regarding some strategies. For instance, there was an
inconsistency in results between some groups on the effect
of oxidative stress on neuronal morphology. Especially, the
works of Russell et al. (2002) showed that hyperglycemia and
oxidative stress result in neuronal death by apoptosis, where-
as Schmidt (2001) found no evidence of neuronal apoptosis.
The duration of diabetes, the time points for analyses, and
the preferred subset of neuronal targets of hyperglycemia
were assumed as reasons for these contradictory results
(Leinninger et al., 2004). In addition, nitrosative stress was
put into focus as a target for diabetic treatment, however
some studies reported that the severity of this stress was less
in diabetic rats than in mice with their diabetic condition
induced by STZ (Drel et al., 2007a; Obrosova et al., 2007a).

Both prevention of the progression of neuropathic symp-
toms and nerve impairment and degeneration, as well as
the promotion of regeneration of degenerated nerve fibers
should be considered equally in treating diabetic neurop-
athy (Yasuda et al., 2003). In addition, external factors
strongly affect the intrinsic growth capacity of an injured
neuron (Ferguson and Son, 2011). Furthermore, even
though stem cell therapy has identified itself as a promising
therapy for regenerative medicine, it may not be a standard
treatment option for all stages of diabetic neuropathy. Be-
cause the progression of diabetic neuropathy is so complex,
with its wide spectrum and different phases, such therapy
might have different effects on different axonal structures
or functions (Zhou et al., 2016). Thus, a combined strategy
seems to be a better approach for the treatment of diabetic
neuropathy. In this fashion, neurotrophic factors are likely
one of the essential components for any combinatorial ther-
apeutic strategy of axon regeneration (Afshari et al., 2009).
In an ongoing study, we found that mADSCs showed an
increased expression of neurotrophic factors and secreted
them into the culture media under normal culture con-
ditions. These results were supported by the effect of the
conditioned media on promoting the neurite extension of
DRG neurons (Figures 2 and 3). However, as with any other
approaches, further studies using carefully designed experi-
ments are required for a better understanding of the actions
of neurotrophins and their receptors on both neurons and
glia (Ferguson and Son, 2011).
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