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Long-term metabolic aberrations contribute to the development of diabetic neuropathy but the precise mechanism or mechanisms

remains elusive. We have previously shown that aldose reductase-deficient mice exhibit delayed onset and progression of neur-

opathy following induction of diabetes, suggesting a role both for downstream metabolites of this enzyme and also for other unre-

lated pathways. In this study, we have utilized comprehensive metabolomics analyses to identify potential neurotoxic metabolites

in nerve of diabetic mice and explored the mechanism of peripheral nerve injury. Aldose reductase knockout and control C57Bl/6J

mice were made diabetic by injection of streptozotocin and followed for 8–16 weeks. Diabetic aldose reductase knockout mice

exhibited delayed onset of nerve conduction slowing compared to diabetic wild-type mice. The sciatic nerves from aldose reductase

knockout mice exposed to 12 weeks of diabetes were used for metabolomics analysis and compared with analyses of nerves from

age-matched diabetic wild-type mice as well as non-diabetic aldose reductase knockout and wild-type mice. Neurotoxicity of candi-

date metabolites was evaluated using cultured Schwann cells and dorsal root ganglion neurons, and further confirmed in vivo.

Metabolomics analysis identified elevated glucosamine levels in both diabetic aldose reductase knockout and diabetic wild mice.

Exposure to glucosamine reduced survival of cultured Schwann cells and neurons accompanied by increased expression of cleaved

caspase 3, CCAT-enhancer-binding homologous protein and mitochondrial hexokinase-I, along with ATP depletion. These

changes were suppressed by siRNA to hexokinase-I or the ATP donor, inosine, but not by the antioxidant N-acetylcysteine or the

endoplasmic reticulum-stress inhibitor 4-phenylbutyrate. The O-GlcNAcylation enhancer, O-(2-acetamido-2-deoxy-D-glucopyrano-

sylidene) amino N-phenylcarbamate, did not augment glucosamine neurotoxicity. Single dose glucosamine injection into mice

caused a reduction of sciatic nerve Na, K-ATPase activity, ATP content and augmented expression of hexokinase-I, which were

suppressed by pretreatment with inosine but not with 4-phenylbutyrate. Mice implanted with a subcutaneous pump to infuse glu-

cosamine for 12 weeks developed nerve conduction slowing and intraepidermal nerve fibre loss, recapitulating prominent indices of

diabetic neuropathy. While acute glucosamine neurotoxicity is unlikely to contribute substantially to the slowly developing neur-

opathy phenotype in humans, sustained energy deprivation induced by glucosamine may well contribute to the pathogenesis of dia-

betic neuropathy. Our data thus identifies a novel pathway for diabetic neuropathy that may offer a potential new therapeutic

target.

1 Department of Pathology and Molecular Medicine, Hirosaki University Graduate School of Medicine, Hirosaki, Japan
2 Diabetic Neuropathy Project, Tokyo Metropolitan Institute of Medical Science, Tokyo
3 Faculty of Medicine, Macau University of Science and Technology, Taipa, Macau

Correspondence to Dr Soroku Yagihashi, Department of Pathology and Molecular Medicine,

Hirosaki University Graduate School of Medicine, 5 Zaifu-cho, Hirosaki 036-8562, Japan

E-mail: yagihasi@hirosaki-u.ac.jp

Keywords: diabetic neuropathy; pathogenesis; glucosamine; ATP depletion; metabolome

Received December 13, 2019. Revised August 4, 2020. Accepted August 24, 2020. Advance Access publication October 9, 2020
VC The Author(s) (2020). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which

permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com

BBRAIN COMMUNICATIONSAIN COMMUNICATIONS
doi:10.1093/braincomms/fcaa168 BRAIN COMMUNICATIONS 2020: Page 1 of 18 | 1



Abbreviations: AR ¼ aldose reductase; AR-KO ¼ AR-knockout; CC3 ¼ cleaved caspase 3; CHOP ¼ CCAT-enhancer-binding
homologous protein; ER ¼ endoplasmic reticulum; F6P ¼ fructose-6-phosphate; GFAT ¼ glutamine-fructose-6-phosphate amido-
transferase; GlcN ¼ amino monosaccharide glucosamine; GlcN6P ¼ glucosamine-6-phosphate; HBP ¼ hexosamine biosynthetic
pathway; Hex ¼ hexokinase; Hex-I ¼ hexokinase I; MMP ¼mitochondrial membrane potential; MNCV ¼motor nerve conduction
velocity; O-GlcNAcylation ¼ O-linked addition of N-acetylglucosamine glycosylation; 4PB ¼ 4-phenylbutyrate; PUGNAc ¼ O-(2-
acetamido-2-deoxy-d-glucopyranosylidene) amino N-phenylcarbamate; ROS ¼ reactive oxygen species; SNs ¼ sciatic nerves; WT
¼ wild type.

Introduction
Diabetic neuropathy is an early and common complica-

tion of diabetes affecting �35% to 50% of diabetic

patients (Vinik et al., 2013; Ziegler et al., 2014).

Although long-term hyperglycaemia is likely to be a

major culprit that initiates neuropathy, the precise mech-

anism of how hyperglycaemia leads to neural dysfunction

and irreversible nerve fibre damage is yet to be estab-

lished. Increased polyol pathway mediated by aldose re-

ductase (AR), accumulation of advanced glycation end-

products or intermediate glycation products, and

increased oxidative stress as well as altered protein kinase

C activities are all proposed to be responsible for the de-

velopment of neuropathy (Oates, 2008; Yagihashi et al.,
2011; Vinik et al., 2013; Yagihashi, 2016; Feldman

et al., 2017). Despite vigorous efforts to develop an ef-

fective compound to prevent or cure diabetic neuropathy,

no specific agents have yet been globally approved.

Increased flux through the polyol pathway is one of

the most established and extensively studied mechanisms

thought to cause diabetic neuropathy (Oates, 2008;

Yagihashi et al., 2011; Feldman et al., 2017). Clinical tri-

als of AR inhibitors such as sorbinil or zenarestat dis-

closed beneficial effects on nerve fibre loss and nerve

conduction delay in patients with diabetes (Sima et al.,

1988; Greene et al., 1999). Due to serious adverse effects,

however, they were withdrawn from the market.

Epalrestat, though less potent compared to the above

compounds, but free from serious side effects, was found

to protect from progressive deterioration of nerve

conduction, and to mitigate symptoms of neuropathy in

Japanese patients with diabetes (Goto et al., 1995; Hotta

et al., 2006). However, the effects of AR inhibition were

limited to patients with moderate increases in HbA1c val-

ues (Hotta et al., 2006). The central role of AR in dia-

betic neuropathy has been confirmed by experiments

using AR-knockout (AR-KO) mice which are protected

from neuropathy when made diabetic (Ho et al., 2006),

while AR-overexpressing mice exhibited more severe

neuropathy than wild-type (WT) diabetic mice (Yagihashi

et al., 2001). Subsequent studies indicated, however, that

severe hyperglycaemia and long durations of diabetes

could initiate neuropathy even in AR-KO mice. It is

therefore likely that mechanisms independent of polyol

pathway flux also operate in the progression of diabetic

neuropathy.

Although less explored, increased flux through the hex-

osamine pathway has been proposed as an additional

contributor to the pathogenesis of diabetic neuropathy

(Yagihashi, 2016; Feldman et al., 2017). Excess glucose

drives glycolysis and conversion of glucose-6-phosphate

to fructose-6-phosphate (F6P). Two to 5% of F6P is

diverted into the hexosamine biosynthetic pathway

(HBP), via conversion to glucosamine-6-phosphate

(GlcN6P) by the rate limiting enzyme, glutamine-fructose-

6-phosphate amidotransferase (GFAT). GlcN6P is then ir-

reversibly converted to the end-product of the HBP,

UDP-N-acetylglucosamine, which serves as the substrate

for post-translational modification of proteins by covalent

O-linked addition of N-acetylglucosamine glycosylation

(O-GlcNAcylation). Excessive O-GlcNAcylation of
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nuclear/cytosolic proteins in diabetes has been linked

with insulin resistance and cell dysfunction (Slawson

et al., 2010; Hardivillé and Hart 2014; Semba et al.,

2014). While the HBP pathway is regulated by allosteric

feedback from UDP-N-acetylglucosamine to inhibit

GFAT, GlcN (amino monosaccharide glucosamine) once

produced or exogenously given, bypasses GFAT as it is

directly phosphorylated to generate GlcN6P, likely result-

ing in aberrant biological reactions. Indeed, a pathogenic

role for HBP was recently proposed in both animal mod-

els of diabetic retinopathy (Semba et al., 2014) and cul-

tured mesangial cells used to model diabetic nephropathy

(Masson et al., 2006). In contrast, although GlcN was

found to be toxic to cultured motor neurons (Lim et al.,
2010), its relationship to diabetic neuropathy has not

been adequately addressed. Interestingly, some studies

have connected endoplasmic reticulum (ER) stress with

HBP and the genesis of diabetic complications (Werstuck

et al., 2006; Moore et al., 2016). A role for ER stress in

the development of neuropathy was confirmed by several

laboratories using streptozotocin-induced diabetic rats

and CCAT-enhancer-binding protein-beta CCAT-enhan-

cer-binding homologous protein (CHOP)-deficient mice

(Lupachyk et al., 2013; Wu et al., 2013).

In this study, we performed a comprehensive metabolo-

mics analysis of peripheral nerves from diabetic AR-KO

mice and identified GlcN as a candidate trigger of neur-

opathy. We further attempted to clarify how GlcN influ-

ences peripheral nerve.

Materials and methods

Evaluation of neuropathy
independent of polyol pathway in
diabetic AR-deficient mice

AR-KO (Ho et al., 2006) and WT (C57Bl/6J) (WT) mice

(n¼ 16 in each) were made diabetic at 8 weeks of age by intra-

peritoneal injection of streptozotocin (150 mg/kg) and followed

for 16 weeks, with weekly monitoring of tail blood glucose and

monthly determination of motor nerve conduction velocity

(MNCV). Diabetes was confirmed by continuous glycosuria

and hyperglycaemia (>300 mg/dl, 16.5 mmol/l). Non-diabetic

mice served for comparison. Each group consisted of five ani-

mals. Measurement of MNCV followed the previously

described method with near nerve temperature at 37�C con-

trolled by a heating pad that was checked with a thermometer

(Yagihashi et al., 2001).

To elucidate the metabolic pathway responsible for

neuropathy, AR-KO and WT mice with and without

12 weeks of diabetes were used for biochemical analysis.

After killing the mice by decapitation, sciatic nerves (SNs)

were dissected for metabolomics analysis and measure-

ment of polyol concentrations. Nerve concentrations of

sorbitol and fructose were measured by gas chromatog-

raphy, as described previously (Yagihashi et al., 2001).

All experiments were conducted in accordance with the

Council Directive 2010/63EU of the European Parliament and

the Council of 22 September 2010 on the protection of animals

used for scientific purposes, and the Guideline for the Care and

Use of Animals in our institutions (Hirosaki University School

of Medicine and Tokyo Metropolitan Institute of Medical

Science, 2011, approval number M14006).

Metabolomics analysis of SN in
diabetic AR-KO mice

SN tissues of experimental mice with/without diabetes for

12 weeks were subjected to metabolomics analysis, which

was undertaken at Human Metabolome Technologies,

Inc. (Tsuruoka, Yamagata, Japan). Due to space limita-

tions, detailed methods for the metabolomics analysis are

described in the Supplementary_materials_and_methods.

Briefly, bilateral SNs from four mice in each group were

pooled and preserved at �80�C until use. Approximately

20 mg of frozen tissue was homogenized and the hom-

ogenate mixed with chloroform and water and centri-

fuged. The supernatant was concentrated after filtration

and re-suspended in water for metabolomics analysis.

The analysis was conducted by capillary electrophoresis

time-of-flight mass spectrometry as a Basic Scan Package

( Human Metabolome Technologies, Inc.) (Ohashi et al.,

2008; Ooga et al., 2011). The spectrometer was scanned

from material/charge ratio (m/z) 50–1000 (Ohashi et al.,
2008). Peaks were extracted using automatic integration

software to obtain peak information including m/z, peak

area and migration time (MasterHands ver.2.9.0.9, Keio

University, Tokyo) (Sugimoto et al., 2012). Integrated

areas of the annotated peaks were then normalized to an

internal standard as the relative area that represented

concentration of the metabolites (Soga et al., 2003).

Detected metabolites were plotted on metabolic pathway

maps using VANTED software (Junker et al., 2006).

Metabolomics analysis was conducted three times using

different samples from mice with comparable diabetic

duration. Average values of relative area in each metabol-

ite were subjected to between-group statistical analysis.

Cell survival and expressions of
apoptosis signals and ER stress in
Schwann cells exposed to GlcN

Methods of analysis of cell survival and expression of

apoptosis signals and ER stress in Schwann cells exposed

to glucosamine (GlcN: Sigma, St. Louis, MI) are

described in the Supplementary_materials_and_methods.

Mitochondrial membrane potential,
apoptosis-related proteins and
oxidative stress in Schwann cells

Methods for the measurement of mitochondrial mem-

brane potential (MMP), expression of apoptosis-related
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proteins and oxidative stress in Schwann cells exposed to

GlcN are described in the Supplementary_materials_

and_methods.

Glucose uptake

IMS32 Schwann cells were starved in serum-free medium

for 12 h and subsequently stimulated with 1 mM/l insulin

for 16 min. Glucose uptake was determined by enzymatic

photometric assay using a 2-deoxyglucose uptake meas-

urement kit (COSMO BIO Co. Ltd., Tokyo, Japan)

(Saito et al., 2011). One mM/l cytochalasin was used as

an inhibitor of glucose uptake.

Expression of hexokinase, ER stress,
ATP content and cell proliferation
signals in Schwann cells

GlcN is known to be metabolized to GlcN6P by mito-

chondrial hexokinase (Hex) after incorporation into cells

(Buse, 2006; Slawson et al., 2010). We therefore exam-

ined the expression of Hex-I and -II after separation of

mitochondrial and cytosolic fractions from cultured

Schwann cells exposed to 5.6 and 30 mM glucose with

or without 10 mM GlcN by western blot analysis.

Fractionation was conducted using a mitochondria/cytosol

fractionation kit (BioVision, Inc.) using a previously

described method (Wieckowski and Wojtczak, 2015).

Primary specific antibodies against Hex-I and -II (both

Cell Signaling Technology), and heat shock protein 60

(Santa Cruz Biotechnology) as markers of mitochondrial

proteins were applied to the transferred membrane of

SDS–PAGE at room temperature for 2 h.

To determine whether upregulation of hexokinase I

(Hex-I) correlated with increased expression of cleaved

caspase 3 (CC3), Schwann cells were co-treated with

10 mM GlcN and Hex-I siRNA or scrambled siRNA as a

control. CC3 expression was examined by western blot

as described above. Stealth siRNAs targeting mouse Hex-

I were purchased from Thermo Fisher, Inc. (Schindler

and Foley, 2013). Transfection of duplex siRNA was per-

formed using Multifectom (Promega Co.) according to

the manufacturer’s protocol. In brief, siRNA was diluted

into 1 pM/ml with opti MEM-I (Thermo Fischer, Inc.).

Diluted siRNA was mixed with Multifectom, which was

added into the medium for transfection. Two days after

transfection, the efficacy of knock down was assessed by

western blotting. After confirmation of Hex-I knock

down, Schwann cells were stimulated with 10 mM GlcN

for 24 h, then expression of CC3 evaluated by western

blot. Reproducibility of the results was confirmed by

repeated blot analysis. To determine whether enhanced

Hex-I expression in mitochondria gave rise to altered

ATP production, we measured ATP content of GlcN-

exposed cells and compared it with unexposed cells. ATP

content was measured by Luciferase–Luciferin reaction

method using an ATP measurement kit for cells (Toyo

Ink, Tokyo, Japan) as described previously (Manfredi

et al., 2002). Protein concentration was measured by the

Bradford method.

To determine the effects of GlcN on cell proliferation

signals in Schwann cells, expression of Akt (Cell

Signaling Technology), phosphorylated Akt (p-Akt)

(Cell Signaling Technology), phosphorylated S6RP (Cell

Signaling Technology) and (cyclin-dependent kinase in-

hibitor 1B) (Santa Cruz Biotechnology) were examined by

western blot analysis as described previously (Tsuboi

et al., 2016). All experiments were repeated at least three

times and expression levels were quantified by densito-

metric analysis normalized to b-actin levels. Average val-

ues were compared between GlcN-added and GlcN-free

groups.

Effects of PUGNAc on GlcN
toxicity

O-linked addition of N-acetylglucosamine is known to

contribute to posttranslational protein modification of the

nucleus and cytosol, which plays an important role in

cell function (Slawson et al., 2010: Semba et al., 2014).

To explore the role of O-GlcNAcylation of proteins in

injury of Schwann cells exposed to GlcN, PUGNAc

[O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino

N-phenylcarbamate] (Sigma Aldrich), an inhibitor of

O-GlcNAcase which breaks down O-linked addition of

N-acetylglucosamine from glycosyl-binding serine and

threonine residues (Mehdy et al., 2012), was applied for

24 h to cultured Schwann cells prior to GlcN treatment

to determine whether PUGNAc enhances the cytotoxic

effects of GlcN on the Schwann cells. After exposure to

GlcN with addition of 100 mM PUGNAc, cell survival of

Schwann cells and expression of CC3 was evaluated

using a cell counting kit 8 (Dojindo) and western blot

analysis as described above, respectively. The experiments

were repeated at least three times to confirm the reprodu-

cibility of the results and the average values of cell sur-

vival rate and the extent of CC3 expression measured by

densitometric analysis were compared between groups.

GlcN effects on neurite growth and
survival of dorsal root ganglion
neurons

Effects of GlcN on neurite growth and survival of dorsal

root ganglion neurons were evaluated by methods

described in the Supplementary_materials_and_methods.

In vivo effects of GlcN on peripheral
nervous system in mice

After overnight fast, non-diabetic healthy 8-week-old

C57BL/6J mice (body weight �30 g) (n¼ 20) were anes-

thetized with isoflurane. Saline or GlcN at a dose of
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0.17 g/kg (�10 mM in vivo) was slowly injected into the

jugular vein. To determine the preventive effects of an

ER stress inhibitor or an ATP donor, 4-phenylbutyrate

(4PB) or inosine, was intraperitoneally given at a dose of

10 or 200 mg/kg to the mice, either 16–18 h or 60 min

before GlcN administration, respectively. Each group con-

sisted of five animals. Following 15 min of GlcN infusion,

animals were killed by decapitation and SNs were

removed, homogenized and used for measurements of

Na, K-ATPase activity, ATP content and expression of

Hex in the mitochondrial and cytosolic fractions by west-

ern blot analysis. Na, K-ATPase activity was measured

by conventional methods as described previously

(Nishizawa et al., 2010). ATP measurement was per-

formed as described above (Manfredi et al., 2002) and

western blot analyses were conducted using specific

antibodies.

To determine the long-term effects of GlcN on peripheral

nerves, AlzetV
R

osmotic minipumps (Durect Corp.,

Cupertino, CA, USA) were surgically implanted at the nape

of the neck via a 1 cm opening in the skin of AR-KO

(n¼ 10) and WT (n¼ 10) mice under isoflurane anaesthe-

sia. Before implantation, the minipumps were primed with

4.8 mg/ml (1 M) GlcN solution. Each pump delivered

0.15ml (0.72mg GlcN) per hour after placing them into

37�C physiological saline for a minimum of 4 h. Following

insertion of the mini pumps, the skin was closed with sur-

gical sutures, the wound was disinfected with povidone

iodine and the animals received postoperative care. The

mini pumps of control WT and AR-KO mice (n¼ 5 in

each) were filled with physiological saline and were

implanted by the same method. MNCV, sensory nerve con-

duction velocity and the tail flick test were performed at

regular intervals for 12 weeks. MNCV and sensory nerve

conduction velocity were measured in sciatic-tibial nerves

under isoflurane anaesthesia and the measurement was con-

ducted with near nerve temperature at 37�C, as controlled

by a heating pad checked with a thermometer. The tail

flick response to thermal stimulus was applied to test the

heat perception threshold (Tail Flick Analgesia Meter, MK-

330B, Muromachi Co., Tokyo, Japan) (Sugimoto et al.,

2008). Animals were killed by overdose of anaesthesia and

foot pad skin was fixed with Zamboni’s fixative overnight.

Thereafter, 50 micron-thick frozen sections were subjected

to immunostaining with protein gene product (PGP) 9.5

(for nerve fibres: Abcam) and collagen type IV (for base-

ment membrane: Thermo Fischer) prior to evaluation of

intraepidermal nerve fibre density by confocal laser scan-

ning microscopy.

Statistical analysis

All quantitative data are expressed as group mean 6

standard error with between group comparisons by ana-

lysis of variance with Bonferroni’s post hoc corrections

(SPSS, Inc., Chicago, IL, USA). Differences between groups

were considered as significant when P-values were <0.05.

Data availability

The authors confirm that the data supporting the findings

of this study are available within the article and its

Supplementary materials.

Results

Neuropathy in AR-KO mice

Both AR-KO and WT mice showed consistently marked

hyperglycaemia after induction of diabetes with streptozo-

tocin (Fig. 1A). There was no difference in the levels of

hyperglycaemia between diabetic AR-KO (AR-KOþDM)

and diabetic WT (WTþDM) mice. Diabetes increased

nerve sorbitol and fructose levels in WT mice (Fig. 1B).

As expected, there was no increase in sorbitol in diabetic

AR-KO mice, while there was a slight elevation of fruc-

tose in diabetic AR-KO mice compared to those in non-

diabetic AR-KO and WT mice. As previously reported

(Ho et al., 2006), diabetic AR-KO were protected from

significant MNCV slowing at 8 and 12 weeks of diabetes

while MNCV in diabetic WT was significantly delayed as

early as 4 weeks and up to 16 weeks after onset of dia-

betes (Fig. 1C). MNCV slowing in 16-week-diabetic AR-

KO mice was comparable to that of diabetic WT mice

(Fig. 1C). Thus, neuropathy develops independent of the

polyol pathway after long durations of diabetes. We then

sought the cause of neuropathy in AR-KO mice with 16-

week diabetes.

Metabolomics analysis of AR-
deficient mice (AR-KO)

Compared to non-diabetic AR-KO and WT mice, homo-

genized SN from diabetic AR-KO and diabetic WT mice

with 12 week-diabetic duration yielded 12 (of a total of

213) upregulated metabolites (marked by red letters in

Supplementary Table 1) with levels that were significantly

greater by at least 1.5-fold in both diabetic AR-KO and

diabetic WT mice (Supplementary Table 1 and Fig. 1).

There was one downregulated metabolite (marked by

green letters) which was less than 0.5-fold of non-diabetic

AR-KO and WT mice. Metabolites of the glycolytic path-

way such as glucose-6-phosphate and F6P were down-

regulated in non-diabetic AR-KO mice, whereas those in

diabetic AR-KO mice were restored to levels in diabetic

WT mice (Fig. 2 and Supplementary Fig. 1). The path-

way from pyruvate to citric acid was not significantly

altered in AR-KO mice with or without diabetes. The

most remarkably upregulated metabolites were galactur-

onic acid, NADPþ, sarcosine, GlcN and isobutylamine

(Fig. 2 and Supplementary Table 1), of which GlcN was

the most prominent of the metabolites related to

glycolysis.
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Effects of GlcN on Schwann cell
viability, apoptosis, ER stress and
glucose uptake

Incubation of cultured Schwann cells with GlcN for 24 h

yielded a significant and dose-dependent reduction in cell

viability (Fig. 3A). Cell survival rate was not different

between 5.6 and 30 mM glucose, indicating that high

glucose did not itself affect the survival rate (Fig. 3B). By

cell sorter assays, after 24-h exposure to 10 mM GlcN,

either with 5.6 or 30 mM glucose, Schwann cells double

positive with Annexin V and propidium iodide were sig-

nificantly increased yielding �40% of cell death

(Fig. 3C). There was no difference in the population of

double positive cells between 5.6 and 30 mM glucose.

Concurrently, Schwann cells exposed to 1.5 and 10 mM

GlcN showed robust expression of CC3 in a dose-de-

pendent manner (Fig. 3D). Preincubation of Schwann

cells with 10, 20 and 40 mM Z-VAD-FMK, an apoptosis

inhibitor, successfully reduced CC3 expression in a dose-

dependent manner. Co-incubation with either N-acetyl-

cysteine as an antioxidant, or 4PB as an ER stress inhibi-

tor did not significantly influence the expression of CC3,

whereas inosine as an ATP donor suppressed CC3 ex-

pression (Fig. 3E). GlcN exposure significantly sup-

pressed both 2-deoxyglucose uptake into Schwann cells

Figure 1 Development of neuropathic changes in AR-KO with increasing duration of diabetes. (A) Serial changes of blood glucose.

(B) Nerve sorbitol and fructose concentrations. (C) MNCV at 8, 12 and 16 weeks of diabetes. Each group consists of five animals. WT; wild

mice. WTþDM; diabetic wild mice, AR-KOþDM; diabetic AR-KO. Values of bars are expressed as mean 6 standard error. *P<0.01 versus WT,
†P<0.01 versus AR-KO.
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and insulin-induced glucose uptake (Supplementary Fig.

2A). GlcN exposure also elicited enhanced expression of

CHOP and activating transcription factor 4, which were

suppressed by co-treatment with 4PB or inosine, but not

with N-acetylcysteine (Supplementary Fig. 2Ba–c). Final

conditions of the medium were pH 7.68 in control, pH

7.69 in 1 mM GlcN and pH 7.62 in 10 mM GlcN and

pH adjustment did not alter the results (data not

shown).

MMP, apoptosis-related proteins and
reactive oxygen species in Schwann
cells

MMP in cultured Schwann cells, as measured by rhoda-

mine 123 uptake (DU), was significantly reduced when

the cells were exposed to 10 mM GlcN, while there was

no difference in MMP between 5.6 and 30 mM glucose

(Fig. 4A and B). In conjunction with the suppressed

Figure 2 Metabolomics analysis of SN in mice with/without diabetes (see also Supplementary Table 1 and Fig. 1). Alteration of

major metabolites related to glycolytic pathways detected by metabolomics analysis is illustrated. We found a marked increase in GlcN in both

diabetic wild (WTþDM) and diabetic AR-knockout mice (AR-KOþDM) compared to non-diabetic AR-KO and WT. More details of related

pathways are shown in Supplementary Table 1 and Fig. 1. The analysis was repeated three times using different animals and the average values

were subjected to statistical analysis. Bar stands for mean 6 standard error. *P<0.01 WT versus WTþDM, †P<0.01 AR-KO versus AR-

KOþDM, ‡P<0.05 WT versus WTþDM, §P<0.05 AR-KO versus AR-KOþDM. See also Supplementary Table 1 for the metabolite list. G1P,

glucose-1-phosphate; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; Glc-6P, glucosamine-6-phosphate; NAcGlcNP, N-acetylglucosamine-

phosphate.
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MMP, real time quantitative PCR analysis showed that

mRNA expression of proapoptotic proteins such as Bad

and Bnip3L/Nix in mitochondria were all elevated in

Schwann cells exposed to GlcN (Fig. 4C). There was no

difference in the expression of these molecules in the

presence of 5.6 or 30 mM glucose.

As expected, nearly 100% cultured Schwann cells

exposed to 0.5 mM H2O2 stained positive for reactive

oxygen species (ROS) indicator CellRoxTM, whereas cells

free from H2O2 were mostly negative (Fig. 4D). With in-

cubation of 5.6 mM glucose, 85% of cell was ROS-posi-

tive and this increased to nearly 90% when cells were

Figure 3 Accelerated cell death of Schwann cells exposed to GlcN. (A) MTTassay. (B) Cell sorter assay on apoptotic cells labelled

with Annexin V and propidium iodide. (C) Quantification of apoptotic cells. (D) Expression of CC3 and effect of apoptosis inhibitor Z-VAD-FMK

by western blot (uncropped blots can be seen in Supplementary Figs 3 and 4). (E) Effects of antioxidant, N-acetylcysteine and ER stress inhibitor,

4PB and ATP donor, inosine (Ino) on the expression of CC3. Experiments were repeated three times. Values are expressed as mean 6 standard

error. *P<0.01 versus 0 mM GlcN, †P<0.05 versus 1.0 mM GlcN, ‡P<0.01 versus 2.5 mM GlcN, §P<0.01 versus 5.6 mM glucose (Glu), #P<0.01

versus 30 mM Glu.
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Figure 4 Reduced MMP of Schwann cells exposed to GlcN and oxidative stress. (A) Left panel exhibits phase contrast image of

injured Schwann cells and right panel discloses lowered MMP shown by red fluorescence (scale bar indicates 50 mm). (B) Quantification

disclosed significant reduction in MMP in GlcN-exposed cells. (C) RT-PCR analysis detected elevated mitochondrial apoptotic protein Bad and

Bnip3L/Nix in GlcN-exposed Schwann cells. (D) Cell population positive for oxidative stress marker CellRox by cell sorter analysis. Addition of

10 mM GlcN did not increase the population of oxidative stress-positive cells. (E) Quantitation did not yield significant increases in CellRox-

positive cells when exposed to 10 mM GlcN. Experiments were repeated 4 times. Values are expressed as mean 6 standard error. *P<0.01

versus GlcN(�)/5.6 mM Glu, †P<0.01 versus GlcN(�)/30 mM Glu, ‡P<0.05 versus GlcN(�)/5.6 mM Glu, §P<0.05 versus ND, #P<0.01 versus

unstained cells, **P<0.01 versus 0.5 mM H2O2.
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exposed to 30 mM glucose. The addition of 10 mM GlcN

to either 5.6 or 30 mM glucose did not further increase

the population of cells positive for ROS (Fig. 4E).

Hexokinase, ER stress, ATP content
and cell proliferation signals in
Schwann cells

GlcN is incorporated into cultured Schwann cells to be con-

verted to GlcN6P by hexokinase (Hex)-I. Western blot ana-

lysis revealed markedly elevated expression of Hex-I in the

mitochondrial fraction, but not in the cytosolic fraction of

GlcN-exposed Schwann cells (Fig. 5A). On the other hand,

Hex-II expression was not significantly altered at either 5.6

or 30 mM glucose (Fig. 5B). Association of cell death and

CC3 expression with enhanced Hex-I expression was con-

firmed by a marked inhibition of CC3 expression and cell

death when pretreated with siRNA for Hex-I (Fig. 5C).

Enhanced expression of CHOP or activating transcription

factor 4 as ER stress signals was also suppressed by pre-

treatment with Hex-1 siRNA (Supplementary Fig. 2C).

Measurement of ATP content in Schwann cell homogenates

demonstrated a marked reduction of ATP in cells exposed

to GlcN, which was significantly recovered �70% by pre-

treatment with inosine or siRNA of Hex-I (Fig. 5D).

Exposure of Schwann cells to GlcN significantly sup-

pressed the expression of proliferation signals p-Akt and

pS6RP, and also enhanced expression of the anti-prolifer-

ation signal cyclin-dependent kinase inhibitor 1B. This

pattern was similar whether cells were exposed to either

5.6 or 30 mM glucose (Fig. 5E). Densitometric analysis

confirmed the suppressive effects of GlcN on these mole-

cules (Fig. 5F).

O-GlcNAcylation in GlcN
cytotoxicity

Protein O-GlcNAcylation was confirmed in cultured

Schwann cells and was enhanced by pretreatment with

PUGNAc in Schwann cells exposed to GlcN (Fig. 6A).

O-linked addition of N-acetylglucosamine of Schwann

cells free from GlcN was not influenced by PUGNAc

treatment. Schwann cell survival was significantly reduced

when treated with GlcN, but PUGNAc pretreatment did

not further worsen the survival of GlcN-treated cells

(Fig. 6B). There was no significant difference in the effect

of PUGNAc treatment on cell survival between 5.6 and

30 mM glucose. The expression of CC3 in GlcN-treated

Schwann cells was reduced when pretreated with

PUGNAc, and the effects of PUGNAc were not different

between 5.6 and 30 mM glucose (Fig. 6C).

GlcN effects on dorsal root
ganglion neurons

After 48 h in culture with conditional serum-free medium

in the presence or absence of 1 mM GlcN, nearly 50% of

dorsal root ganglion neurons extended neurites (Fig.7A). In

contrast, the number of neurite-bearing cells and average

neurite length were blunted in neurons exposed to 10 mM

GlcN (Fig. 7A and D). Prolonged exposure of neuronal

cells to 10 mM GlcN caused a significant decrease in the

population of viable neurons after 3 or 6 days of culture

(Fig. 7B and E). Treatment with 1 mM GlcN had no sig-

nificant effects at 3 days, but slightly reduced the survival

after 6 days of culture. Consistent with the effect on cul-

tured Schwann cells, exposure of neurons to 1 mM GlcN

and 10 mM GlcN for 3 days elicited robust expression of

CC3 in the cytoplasm or occasionally in the nucleus

(Fig. 7C). Quantitation of neurite-bearing cells and neurite

length revealed a significant reduction of these indices in

GlcN-exposed neurons at a dose of 10 mM, but there was

no significant effect at a dose of 1 mM (Fig. 7D). Culture

medium pH was comparable between control and 1 mM

GlcN or 10 mM GlcN and the effect of high osmolality on

cell survival at 7 days was much smaller, 55 6 7%, in

10 mM mannitol at 7 days compared to 12 6 2% of

10 mM GlcN (versus control 79 6 5%), indicating potent

cytotoxicity of 10 mM GlcN.

In vivo effects of GlcN on peripheral
nervous system in mice

Ouabain sensitive Na, K-ATPase activity of SN homoge-

nates was significantly reduced in mice injected with a

single dose of GlcN (Fig. 8A). Treatment with inosine

slightly, but significantly, restored its activity, while the

effect of 4PB was obscure. Ouabain insensitive Na, K-

ATPase activity was comparable among all groups.

Concurrently, there was a marked reduction of ATP con-

tent in the SN of GlcN-injected mice, which was restored

in inosine-treated mice but not in the 4PB-treated group

(Fig. 8B). In contrast to in vitro Schwann cells exposed

to GlcN, dissected SNs from GlcN-injected mice did not

show enhanced expression of CHOP and there was no

apparent influence of inosine or 4PB on the expression

(Supplementary Fig. 2D). As in in vitro conditions, Hex-I

was mainly expressed in the mitochondria-rich fraction in

the SN, but to a lesser extent was also found in the cyto-

solic fraction, while liver tissues did not contain this en-

zyme (Fig. 8C). Expression was enhanced nearly 3-fold in

the mitochondrial fraction in GlcN-injected mice. The

enhanced expression of mitochondrial Hex-I was not sig-

nificantly affected by inosine pretreatment (Fig. 8D).

GlcN delivered via an osmotic pump did not influence

body weight or blood glucose of either AR-KO or WT

mice during the observation period (Fig. 8E). After 8 weeks

of GlcN infusion, there were significant increases in thermal

perception threshold using the tail flick test (Fig. 8F) along

with significant MNCV and sensory nerve conduction vel-

ocity slowing in both AR-KO and WT mice (Fig. 8G and

H). There were no significant differences in these parame-

ters between AR-KO and WT mice with or without GlcN.

Along with nerve dysfunction, there was significant
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reduction of intraepidermal nerve fibre density in either

GlcN-infused AR-KO or WT mice compared to their re-

spective control mice free from GlcN (Fig. 9A and B).

Discussion
In this study, we for the first time clearly demonstrated

that GlcN accumulates in diabetic peripheral nerve. To

separate the role of GlcN from other glycolytic pathways,

such as the polyol pathway, we used AR-KO mice with

longstanding diabetes to identify GlcN as a pathogenic

candidate for diabetic neuropathy by comprehensive

metabolomics analysis (Yagihashi et al., 2001; Ho et al.,

2006). The hexosamine pathway (including GlcN) has

long been suggested to be one of the major pathways for

diabetic vascular complications, but it has not been

Figure 5 Augmented mitochondrial Hex-I expression and its inhibition by siRNA and expression of growth-related molecules.

(A) Expression of Hex-I in mitochondrial fraction of Schwann cells. Heat shock protein 60 was control for mitochondrial fraction. (B)

Densitometric analysis of Hex-I expression. (C) Effect of Hex-I siRNA on CC3 expression. (D) ATP concentrations in Schwann cells exposed to

GlcN and effects of Inosine and Hex siRNA. (E) Expression of p-Akt, p-S6RP and p27 (cyclin-dependent kinase inhibitor 1B) of Schwann cells

exposed to GlcN. (F) Densitometric analysis of cell proliferation signals. Experiments were repeated three times. Values are expressed as mean

6 standard error. *P<0.05 versus GlcN(�), †P<0.05 versus GlcN(�)/30 mM Glu, ‡P<0.01 versus Scramble, §P<0.05 versus Scramble/10 mM

GlcN, #P<0.01 versus GlcN(�). Uncropped blots can be seen in Supplementary Fig. 5.
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clearly distinguished from other glycolytic pathways that

promote glycation/advanced glycation end-products for-

mation, protein kinase C hyperactivity or mitochondria-

derived oxidative stress (Brownlee, 2005; Slawson et al.,

2010; Semba et al., 2014; Feldman et al., 2017). In this

study, we found that cultured Schwann cells exposed to

GlcN showed accelerated cell death, increased expression

of CC3, CHOP, mitochondrial Hex-I, Bad and Bnip3L/

Nix along with lowered MMP and depletion of ATP.

GlcN exposure also suppressed the expression of the cell

proliferation signals pAKT and pS6RP in Schwann cells

and impaired cell survival or neurite growth of isolated

sensory ganglionic neurons. Consistent with in vitro

effects, in vivo administration of GlcN to healthy mice-

induced neuropathic changes which recapitulate the neur-

opathy encountered in animal models of diabetes

(Yagihashi et al., 2001; Nishizawa et al., 2010; Feldman

et al., 2017). Taken together, our findings suggest that

excessive GlcN contributes to the development of neur-

opathy in diabetes and may be a potential target of inter-

ventional treatment.

There are several possible metabolic pathways by which

excessive GlcN flux may cause diabetes-specific complica-

tions. Hyperglycaemia-induced O-GlcNAcylation of nucle-

ocytosomal proteins from F6P mediated by GFAT

modifies gene transcription or cell function (Slawson

et al., 2010; Hardivillé and Hart 2014). In fact, mice

transgenic for overexpression of GFAT, a rate-limiting en-

zyme of GlcN synthesis, or OGT (O-GlcNAcylation

transferase), specifically in muscle and fat tissues, exhibit

excessive O-linked GlcNAcylation of serine–threonine

molecules with insulin resistance (McClain et al., 1992;

Hebert et al. 1996; Buse, 2006). Unfortunately, these

investigators did not address whether these mice are sus-

ceptible to diabetic neuropathy. However, overexpression

of GFAT in mesangial cells by adenovirus gene transfer

caused increased expression of TGF-b and fibronectin,

thereby recapitulating the alterations detected in glomeruli

of diabetic animals (Weigert et al., 2003). It is unlikely,

that excessive O-GlcNAcylation contributed to the GlcN-

induced nerve damage in our study because augmented

O-GlcNAcylation after PUGNAC treatment did not wor-

sen the deleterious effects on Schwann cells (see Fig. 6).

Consistent with our results, independence of O-

GlcNAcylation from tissue injury was also shown in ret-

inal neurons (Nakamura et al., 2001) as well as retinal

Mueller cells (Moore et al., 2016) when they were

exposed to GlcN.

Excessive production of mitochondrial superoxide

(ROS) has long been considered fundamental to diabetic

vascular complications (Brownlee, 2005; Yagihashi, 2016;

Feldman et al., 2017). In our study, there was a slight

but significant increase in ROS-positive cells exposed to

30 mM glucose, but no further increase after exposure to

10 mM GlcN. We could not find significant prevention of

cell death or CC3 expression by the antioxidant N-acetyl-

cysteine. It therefore seems unlikely that ROS play a

major role in GlcN-induced nerve injury. An alternative

explanation for GlcN toxicity may be induction of ER

stress (Moore et al., 2016), since involvement of ER

stress has emerged as an important collateral glycolytic

pathway that associates with occurrence of neuropathy in

diabetic animals or animals fed with high fat diet

(Lupachyk et al., 2013; Wu et al., 2013; O’Brien et al.,

Figure 6 Effects of PUGNAC, an enhancer of O-GlcNAcylation, on the cell viability and CC3 expression in GlcN-exposed

Schwann cells. (A) Augmented O-GlcNAcylation of structural proteins in the lane of PUGNAC pretreatment by SDS-electrophoretic gels.

(B) Lack of further augmentation of reduced cell viability after PUGNAC-treatment. (C) Lack of augmentation of CC3 expression after

PUGNAc treatment. Experiments were repeated three times. Values are expressed as mean 6 standard error. *P<0.01 versus 5.6 mM, 5.6 mM

þ PUGNAc, †P<0.01 versus 30 mM, 30 mM þ PUGNAc. Uncropped blots can be seen in Supplementary Fig. 6.
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2014). Wu and their colleagues described upregulated ex-

pression of ER stress markers such as increased CHOP/

ORP150 ratio in the SN of high-fat diet and streptozoto-

cin-induced diabetic rats (Wu et al., 2013). An inhibitor

of ER stress (TMAO) was found to suppress the

development of neuropathy in diabetic rats fed with high

fat diet (Lupachyk et al., 2013). Consistent with these

results, we also found increased expression of CHOP in

Schwann cells exposed to GlcN (see Supplementary Fig.

2). However, we could not find any influence of the ER

Figure 7 GlcN inhibited survival and neurite growth of cultured dorsal root ganglion neurons isolated from adult Wistar rats.

(A) 10 mM GlcN exposure for 48 h caused reduction of neurite-bearing cells and suppressed neurite growth (immunofluorescence image of bIII-

tubulin) (scale bar indicates 50 mm). (B) Phase contrast image of neuronal cell death after exposure to 1 or 10 mM GlcN for 48–72 h (scale bar

indicates 100 mm). (C) Immunofluorescent expression of CC3; green in cultured neuronal cells exposed to GlcN (scale bar indicates 10 mm).

Nuclei are stained blue with DAPI. (D) Significant reduction of neurite-bearing cells and reduced neurite length of neuronal cells exposed to 10

mM GlcN for 48 h. (E) Cell survival ratios determined by counting the number of viable neurons which possess phase-bright cell image at 3 days

of culture, and by trypan blue staining at 6 days of culture, respectively. Survival ratios of neurons exposed to GlcN is progressively reduced in a

dose-dependent manner. Experiments were repeated three to four times. Values of neurite-bearing cells are expressed as mean 6 standard

error. *P<0.05 versus Control, 1 mM GlcN, †P<0.05 versus control, ‡P<0.01 versus control, 1 mM GlcN.
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Figure 8 In vivo effects of GlcN on peripheral nerve tissues in healthy mice. (A) Marked reduction of ouabain-sensitive Na, K-ATPase

activity in C57Bl/6J mice treated with 10 mM GlcN and effects of inosine (I) and ER stress inhibitor 4PB. (B) Significant reduction of ATP content

in mice injected with GlcN and effects of I and 4PB. (C) Increased expression of Hex-I in mitochondria (Mt)-rich fraction from SN as well as

cytosol (CS) to a lesser extent, while this enzyme was not contained in the liver. Uncropped blots can be seen in Supplementary Fig. 7. (D)

Quantification of Hex-I expression in GlcN-injected mice and effect of I-treatment. (E–H) In vivo effects of GlcN on peripheral nerve of non-

diabetic AR-deficient mice (AR-KO) and wild mice (WT) by an osmotic pump (0.17 g/kg/day, 1 ml/h) for 12 weeks. (E) Serial changes of body

weight. (F) Significant elevation of thermal sensation threshold after 8 weeks in both AR-KO and WT given GlcN. (G) Delayed MNCVs in both

AR-KO and WT given GlcN after 8 weeks. (H) Delayed sensory nerve conduction velocities in both AR-KO and WT given GlcN at 12 weeks.

Values of bars are expressed as mean 6 standard error. *P<0.01 versus phosphate buffered saline (Ouabain sensitive), †P<0.05 versus phosphate

buffered saline, GlcN, GlcNþ4PB (Ouabain sensitive), ‡P<0.01 versus phosphate buffered saline, §P<0.01 versus GlcN, #P<0.01 versus

phosphate buffered saline, GlcNþI, $P<0.05 versus phosphate buffered saline, **P<0.05 versus WT, ††P<0.05 versus AR-KO, ‡‡P<0.01 WT,
§§P<0.01 versus AR-KO.
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stress inhibitor 4PB on CC3 expression, indicating that

ER stress may not be causally related to the GlcN-

induced cell damage.

There has been a controversy regarding ATP depletion

in GlcN-exposed tissues (Balkan and Dunning, 1994;

Nakamura et al., 2001). GlcN flux competitively inhibits

glucose uptake, with downregulation of glucokinase ex-

pression in pancreatic b-cells or hepatocytes, resulting in

induction of ER stress or apoptotic cell death (Kaneto

et al., 2001; Alejandro et al., 2015). In this study, GlcN

exposure caused robust depletion of ATP in peripheral

nerve (Fig. 5D). Treatment with the ATP donor inosine

successfully prevented Schwann cell death in vitro.

Neurotoxic effects of GlcN previously shown in cultured

motor neurons were related to energy depletion with loss

of ATP and lowered glucose uptake (Lim et al., 2010).

Concurrently, we found increased Hex-I expression in

Schwann cells exposed to GlcN or SNs of GlcN-injected

mice. Correction of Schwann cell injury treated with

Hex-I siRNA or the ATP donor inosine supports the

Figure 9 In vivo effects of GlcN on peripheral nerve fibre morphology in healthy mice. (A) Reduced intraepidermal nerve fibre

density detected by immunohistochemical stains with protein G product 9.5 in both AR-KO and WT given GlcN for 12 weeks (scale bar

indicates 200 mm). (B) Quantification of IENFD in AR-KO and WT given GlcN for 12 weeks and comparison with mice free from GlcN (N¼5

mice). Bar stands for mean 6 standard error. *P<0.01 versus WT, †P<0.01 versus AR-KO.
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contention that poor energy production may contribute

to GlcN-induced nerve damage, which mimics features of

neuropathy in experimental diabetes (Yagihashi et al.,

2001; Akude et al., 2011; Feldman et al., 2017).

Reduced energy production with altered AMP-kinase ac-

tivity is fundamental to the progression of neuropathy in

streptozotocin-induced diabetic animals (Roy Chowdhury

et al., 2012). Marked accumulation of GlcN detected in

the SN of diabetic AR-KO mice suggests a pathogenic

role of GlcN in the development of diabetic neuropathy.

Our results showing acute neurotoxicity of GlcN in cul-

tured cells may be distinct from the late development of

neuropathic changes in mice given GlcN. Most previous

in vitro studies reported acute toxic effects of glycolytic

products on Schwann cells or neuronal cells, but the

results were not well validated in vivo and direct connec-

tions with neuropathy were not established. Consistent

with the above, although exposure of cultured nerve cells

to GlcN exerted robust molecular changes promoting

apoptotic processes, it was hard to find nerve cell necro-

sis in animals with neuropathic changes. Nevertheless,

follow-up of GlcN-infused animals demonstrated slow de-

velopment of impaired heat-evoked responses, nerve con-

duction slowing and loss of small sensory nerve fibres in

the skin. Such slowly developing changes of nerve func-

tion and structure may reflect the pathogenic role of

GlcN in the slow progression of diabetic neuropathy.

Currently, despite the robust accumulation of GlcN in

nerve from both WT and AR-KO mice with longstanding

diabetes, the precise metabolic pathway driving GlcN ac-

cumulation is yet to be established.

In this study, we concentrated our metabolomics ana-

lysis on the glycolytic pathway and candidates were

selected from the substances that increased by 1.5 times

or greater in diabetic AR-KO and WT mice compared to

their non-diabetic counterparts. We did not specifically

investigate the role of sarcosine or acetoacetamide, which

were also altered in diabetic AR-KO mice. However,

these products appeared to be far from the glycolytic

pathway. In addition, we do not know the exact source

of excessive GlcN in the hyperglycaemic milieu, although

both extracellular and intracellular concentrations of

GlcN should be high in diabetic mice (Buse, 2006).

Recently the concept that insulin resistance in peripheral

nerve is involved in development of diabetic neuropathy

has been proposed (Grote et al., 2011; Zochodne, 2016).

Indeed, impaired phosphorylation of insulin receptor sub-

strate is associated with nerve conduction slowing in

streptozotocin-induced diabetic animals (Grote et al.,
2011; Tsuboi et al., 2016). Further analysis may be war-

ranted to solve the question of whether insulin resistance

is per se involved in GlcN-induced neuropathy.

GlcN is known to be popular as a supplement for the

remedy of arthritis, rheumatic joint disease and age-

related locomotive disorders. Our results may prompt

some alarm at the overuse of GlcN as a dietary

supplement. However, the dose used as a supplement is

much smaller compared to the dose applied in this study,

although the mode of intestinal absorption, metabolic

sequelae and excretion are mostly open to question. It is

unlikely that daily intake of GlcN is causally related to

unwanted effects. Nevertheless, it may be wise to avoid

excessive consumption of GlcN in patients with long-term

diabetes.

There are some limitations to this study. First, we iden-

tified GlcN among 213 candidate substances from the

metabolomics analysis, but there might be other metabo-

lites that should also be evaluated for their toxicity.

Second, a reliable method for measurement of tissue con-

centrations of GlcN is yet to be established and it is not

known how blood and tissue concentrations of GlcN are

regulated. Our preliminary efforts to measure blood con-

centrations of GlcN are now underway and hopefully the

method will be applicable to clinical use in near future.

In addition to the above, the characterization of metabo-

lites by metabolomics analysis was often insufficient for

distinction from other similar metabolites. Chemical iso-

mers or heterolytic substances may be included in the

metabolomics substrates. In conclusion, we identified the

GlcN pathway as an important mediator of diabetic

neuropathy during long-term hyperglycaemia using AR-

KO mice. Chronic application of GlcN reproduced the

peripheral nerve injury encountered in diabetes. Our

results may explain the reason why a single treatment

strategy has not been successful for the treatment of

neuropathy in diabetes.
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