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Impaired Function of Schwann Cells in Diabetic Neuropathy

Takeshi SUZUKI

Abstract: To elucidate the mechanisms of the development of diabetic neuropathy, we investigated the involvement of
increased polyol pathway flux and advanced glycation end-products (AGEs) on the dysfunction in Schwann cells which play an
important role in the peripheral nervous systems. In the cultured Schwann cells isolated from rat sciatic nerves, neurotrophin-3
(NT-3)-induced nerve growth factor (NGF) production was suppressed under high glucose conditions due to enhanced oxidative
stress linked to the acceleration of the polyol pathway. Glyceraldehyde- and glycolaldehyde- derived AGEs induced apoptosis and
production of inflammatory cytokines. Morcover with DNA microarray and northern blot analysis in the immortalized mouse
Schwann cell line IMS32, the reduction in mRNA expression of aldehyde reductase related to detoxification of toxic aldehydes
was observed through the increase in the polyol pathway flux. Taken together, Schwann cell injury caused by polyol pathway flux
acceleration and directive affect of AGEs seems to play a key role in the impairment of nerve function in the peripheral nerve of
diabetic patients.
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Fig. 1 Effects of the AR inhibitor SNK-860 (A) or SDH
inhibitor SDI-158 (B) on sorbitol levels in Schwann cells
Cells were cultured with 30mmol/L glucose for three days. o: Control
(5.6mmol/L glucose), m: Experimental (30mmol/L glucose). SNK-860
(0.1, 1umol/L) or SDI-158 (0.1, 1, 10pmol/L) was added to the
medium containing 30mmol/L glucose. Data are expressed as mean +
SEM of 3 experiments. * P<0.05, compared with Experimental.
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Table 1 Intracellular and extracelluar sorbitol levels in
Schwann cell cultures

Sorbitol levels

Extracellular
(nmol/mL medium)

Intracellular
(nmol/mg protein)

1.85%0.23
2.24+0.31

0.47%+0.05
2.67£0.13 ¥**

Control
Experimental

Schwann cells were cultured in DMEM without FBS for 3 hours.
Extracellular levels of sorbitol were determined as levels in the
medium. Glucose levels of Control and Experimental were 5.6mmol/L
and 30mmol/L, respectively. Data are expressed as mean + SEM of 3
experiments. *** P<(.001, compared with Control.
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Fig. 2 Relationship between osmolality in the medium and
AR activity in Schwann cells

Cells were cultured under various hyperosmotic conditions for 5 days.
1: Experimental (30mmol/L glucose), 2: +100mmol/L NaCl, 3:
+200mmol/L. NaCl, 4: +100mmol/L raffinose, 5: +150mmol/L
raffinose, 6: +175mmol/L raffinose, 7: +200mmol/L raffinose.
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Fig. 3 Effects of the AR inhibitor SNK-860 (A) or SDH
inhibitor SDI-158 (B) on sorbitol levels in Schwann cells
Cells were cultured in the medium containing 30mmol/L glucose and
200mmol/L raffinose for 3 days. o: Control (5.6mmol/L glucose), m:
Experimental (30mmol/L glucose+200mmol/L raffinose). Data are
expressed as mean £ SEM of 3 experiments. ¥**P<0.01, ***P<0.001,
compared with Experimental.

PR BRE B LOERFET VB ORHE R T, Y
NE F—ABOBRBRBDHATNS ', LiL, ARMN
BETAY 22U VI TEEASNZ Y LVE b= P
U RREPICEE T A0, Va2 U VMR T B O
DI L TIEARVY, SDH M RERIZELFET I
O 2V MBN T A a—ANLEEINE Y ILE b
—/VITHRa A B AR I B W T T VS bR
EHMIND RN DD, £io, AERBEND, ARTE
MEREAKLTHEANVE F—AERERREDOND L9
72%MFCiX. SDH BAEAILE TN Y L b—L &
NDEVERTHZEnb B Y VE h—VEARIEH
EUEHRICIIY 2T HBANTYH SDH 23 RET 5 Z &
DR X T,

3. BREISNI—REF T HREIZEITS NT3
FEHENGF BEEDET : RUA—ILBREOBESE

EERFRBRIZI VT, AR FHEAI SNK-860 (7 4 # LA F
v B PHRBEEELREL, BREHRL CoaRER
FLET A Z LR EaNE T, REMBITMEMARED
BEMEMMET Lo O T SRR 0ROk B A
BEOETRZORELERSE S, ¥ = U M XE
R DORAEZN, ELFEW, BRENLZBEEREZMLT
HREAEICEELRRE A BTV, Z0FEO—D L L
THRREEF (nerve growth factor, NGF) DGWAH
Fons 8,

NGF DGR M ERKRRB L OERIFERF €7 L

B AHBRELEETICEASETAZENTRINTVDS
2029 UinlL, BIEMRIZEBIT S NGF BEAZER T4
TR FITAREIC 72 o TV W, BRI L OV BER
HFEME T, v /a7y —VHEDS VF—afF

(IL) -1 X NGF EAZFETDHZ EWRBINTNDHR
B Lo U A NGF EEALZBER LWV I HE
Hdbod 7,

At S v FEEEES = U UHIRAE AV, NGF EA
EPHERTHECRFOREL, BRERES NV —AFTO
NGF BEAICKT DR Y A— W REREOBEL BRI L,

NGF EARTFOBRFE : > = UV Mlaicxt LT, #iEE
EHMTRETAZEDRAONTWAEL RS a2y

UMD RETER L OEFICEES T O RF TR L B L

&% . NGF & % enzyme-linked immunosorbent assay

(ELISA) I CEE L, Bt LR, EEMRE
FHIRRERTF (b-FGF) ¥, MR EHAERER T (CNTF)
03D pEERARR EREF (HGF) 2, 4 2 U VEERERTF
I (IGF-1) %, IL-1p%*), IL-6°. leukemia inhibitory factor

(LIF) ) =a—w bua7 g3 (NT-3) 3390 fihi
HRRERF (PDGF) 779, MEHHEREK Ta (TNF-a) *
BLOmERNEHREERF (VEGF) “VTth 3,

ZOFRER, EEBRFETOF T, NT-3 12D A NGF E4
VERABNRD SNT- (REFEHE),

L @ op ()
_ —~ 1
=] £ gt
£ s 5
2 &

a =
=Y E6
g £
= 2
E 4 g
% G}
o z
Z 2t 2 b

0

0
N HG F-0.1 F-1 N HG F-01 F-1

Fig. 4 NGF production in Schwann cells cuitured under
high-glucose condition in the presence or absence of an AR
inhibitor

Cells were cultured in the medium containing 5.6 mmol/L (N) or 30
mmol/L (HG) glucose in the presence or absence of 0.1 and 1 pmol/L
fidarestat (F-0.1 and F-1, respectively) for 5 weeks before treatment
with NT-3 (50 ng/mL) for 24 h. (a) Basal levels of NGF in the medium
containing non-treated cells. (b) NGF levels in the medium containing
the cells treated with NT-3. Both results of (a) and (b) were obtained
from 5 separate experiments and expressed as mean + SEM.
*##%p<0.001, compared with N. ## P<0.01, ### p<0.001, compared
with HG.
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Fig. 5 Effects of high glucose and an AR inhibitor on the
levels of GSH (a) and activated NF-xB (b)

Schwann cells were cultured for 5 weeks in the medium containing 5.6
mmol/L (N) or 30 mmol/L (HG) glucose in the presence or absence of
0.1 and 1 umol/L fidarestat (F-0.1 and F-1, respectively). Results were
obtained from 5 to 8 separate experiments, and expressed as mean +

SEM. *P<0.05, compared with N. ##P<0.01, ###P<0.001, compared
with HG.
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Fig. 6 Effects of high glucose and an AR inhibitor on the
level of nuclear CREB

Schwann cells were cultured for 5 weeks in the medium containing 5.6
mmol/L (N) or 30 mmol/L (HG) glucose in the presence or absence of
1 pmol/L fidarestat (F-1). (a) The levels of CREB in the nuclear
extracts. Results (% of control: N) are expressed as mean + SEM
obtained from 7 separate experiments. **P<0.01, compared with N.
##p<0.01, compared with HG. (b) The phosphorylated CREB/CREB
ratio in the nuclear extracts of the cells treated or untreated with 50
ng/mL NT-3 for 24 h. Results are expressed as mean + SEM obtained
from 6 separate experiments. ¥*P<0.05, **P<0.01, compared with basal
control.
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Fig. 7 Effects of an inhibitor of GSH synthesis on cellular
GSH levels (a), NT-3-induced NGF production (b),
activated NF-xB levels (c) and CREB levels (d)

Schwann cells were cultured in the medium containing 1, 5 or 25
pmol/L L-buthionine-S, R-sulfoximine (BSO) for 6 days before
treatment with 50 ng/mL NT-3 for 24 h. Results are expressed as mean
+ SEM obtained from 4 to 9 separate experiments. *P<0.05, compared
with the control, n.d., not detected.
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Fig. 8 Induction of apoptosis in cultured Schwann cells
after exposure to AGEs

(A) Exposure to 500 pg/mL of AGE-2 (c) or AGE-3 (d) induced
apoptotic nuclear alterations of Schwann cells (arrows), while there
was no apoptosis when the cells were exposed to AGE-1 (b) or control
BSA (a). (B) The percentage of apoptotic Schwann cells exposed to
AGEs. Data are expressed as mean £ SEM (n = 3). ***P < 0.001,
compared with control BSA.



W BFEFIAZATE Vol. 57, 55-64 (2008) 61

Fl TR —=V AR — RIZBWTEEREEZ R
Tt b=y RY 7RO T 28 AGE-2 8 XU 3 Hi%
Lo THE U (BERBED,

ST, AGEs FRMIBIEICST T 58 F LA,
mitogen-activated protein (MAP) ¥+ —EBLVI b=
R Y 7 EREE R LD B DWW TR ET R N2 -, Fig9 2
T X O, FiB{tHla- Y RELEIZX Y, AGE-3 5%
MRS sE2ITMmE X7z, — K. p38MAP X —EHE
FNTER W72 53 &7 BISHBRZE A4 1) L7,

A B AR
120 ¢ 120 [
% 100 | & 100 } ‘_-—|
o0 m
£ 80t g 80t
5 5
(3]
< 60t % 60|
g g
00 > O
g o) g 2t
> >
0 0
a-lipoic acid * N * SB202190 - + - *
control BSA AGE-3 control BSA AGE-3

Fig. 9 Effects of the antioxidant a-lipoic acid and the p38
MAP kinase inhibitor SB202190 on AGE-3-induced
decrease in cell viability

(A) Schwann cells grown to confluence were incubated with AGE-3 or
control BSA (500 pg/mL) with or without a-lipoic acid (I mmol/L).
After incubation for 24 h, viable cells were quantified by MTT assay.
Data are expressed as mean + SEM (n = 4). ***P < 0.001. n.s., not
significant. (B) Schwann cells pretreated with 10 umol/L SB202190
for 1 h were incubated with AGE-3 or control BSA (500 pug/mL). After
incubation for 24 h, viable cells were quantified by MTT assay. Data
are expressed as mean £ SEM (n = 6). ***P < 0.001.
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Fig. 10 Increase in 8-OHdG levels in cultured Schwann cells
after exposure to AGEs

(A) Exposure to 500 pg/mL of AGE-2 (b) and 3 (c) induced the
increase in the immunostaining intensity against 8-OHdG in nucleus
(arrows). (B) The relative staining intensity in nucleus was expressed
as the percentage of the control BSA-treated cells. Data are expressed
as mean + SEM. ***P < (.001, compared with control BSA.
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Fig. 11 Effects of AGEs on the activation of NF-xB

Schwann cells grown to confluence were incubated with AGEs or
control BSA at 100 pg/mL. After incubation for 24 h, activated p65
NF-xB levels in the nuclear extracts were measured. Data are
expressed as mean = SEM (n = 4). *P < (.05, ***P < 0.001, compared
with control BSA.
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Fig. 12 Effects of AGEs on production of proinflammatory
cytokines in Schwann cells

Schwann cells grown to confluence were incubated with AGEs or
control BSA at 100 pg/mL. After incubation for 4 days, concentrations
of TNF-a (A) and IL-1B (B) in the medium were determined with
ELISA. Data are expressed as mean = SEM (n = 4). *P < 0.05, **P <
0.01, ***P < 0.001, compared with control BSA.
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ZHIH L, DNA =A 7 a7 LA S L, EEFR
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Table 2 Altered gene expression in IMS32 under the high
glucose ([Glc-30]) versus normal glucose ([Glc-5.6]) condition

GenBank Gono Ratio
Acasssion No. ([Glo~30)/{Glo-5.8D
{Up-regulated]

AK003182 Myosin light chain, alkali, fast ske!. 204

NM_008182 Glutathione S—transferase alpha 2 2.48
NM_009426 Thyrotropin-releasing hormone (TRH) 204
NM_011315 Serum amyloid A3 (SAA3) 261
NM_020581 Angiopoletin-iike 4 (ANGPTL4) 23
NM_023557 RIKEN cDNA 2210409D01 335
UDP-N-acetyl-alpha-D-galactosamine polypeptide
NM_144731 N-acetyl-galactosaminyl transferase (GALNT7) 243
NM_144876 RIKEN cDNA D930050H05 3.21
NM_145492 Ecotropic viral integration site3 (Evi~3) 313
NM_146720 Offactory receptor 421 (Olfr421) 2.05
[Down-regulated]
AKO19076 Adult male tongue cDNA (RAP1 GTPase activating protein 1H) 037
NM_008474 Type 1 65kd keratin (KRT-2-16) 0.44
NM_007392 Alpha 2 actin 049
NM_007810 Cytochrome P450, 19, aromatase (Cyp19) 0.45
NM_008522 Lactotransferrin 043
NM_008826 Phosphofructokinase 049
NM_009075 Ribose 5-phosphatase isomerase 0.44
NM_010266 Guanine deaminase 0.43
NM_011144 Peroxisome proliferation activated receptor alpha (PPARalpha) 045
NM_013549 Histone2, H2AAT 0.34
NM_013713 Keratin associatad protein 15 0.29
NM_018873 P140 protein 042
NM_019467 Allograft inflammation factor 1 (AIF1) 043
NM_019752 Serine protease (Prss25) 037
NM_020009 FKS086 binding protein associated protein 1 (FRAP1) 0.27
NM_021473 Aldo-keto reductase (AKR1A4) 0.39
NM_023115 Protocadherin 15 (PCDH15) 0.19
NM_024464 RIKEN cDNA 2010319C14 0.24
NM 025692 RIKEN cDNA 5730525G14 0.28
O [Gle5.6]
B [Gle-30]
B [Glk-30/SNK]
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Fig. 13 Relative mRNA expressions of serum amyloid A3
(SAA3), angiopoietin-like 4 (ANGPTL4) and ecotropic viral
integration site 3 (Evi3) in IMS32 determined by
semi-quantitative RT-PCR

(A) The pictures of gel electrophoresis. (B) The mRNA expressions of
SAA3, ANGPTL4 and Evi3 in Gle-30 and Glc-30/SNK (AR inhibitor)
relative to those in Glc-5.6. Values represent the mean + SEM of 4
experiments. *P<0.05, compared with Glc-5.6.
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Fig. 14 Relative mRNA expression of aldehyde reductase
(AKR1A4) in IMS32 determined by Northern blot analysis

(A) The picture of the blot hybridized with "an
alkaline-phosphatase-labeled ¢cDNA probe (top). A methylene blue
(MB)-stained image (28S ribosomal RNA) of the duplicate membrane
(bottom) showed that a relatively equal amount of RNA was loaded.
(B) The mRNA expression of AKR1A4 in Gic-30 and Glc-30/SNK
(AR inhibitor) relative to that in Glc-5.6. Values represent the mean +
SEM of 4 experiments. *P<0.05, compared with Glc-5.6 or
Gle-30/SNK.
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