METHYLCOBALAMIN AND PKC IN DIABETIC NEUROPATHY

group compared with those in controls, and MC treatment did
not influence the values. Blood homocysteine concentrations
were significantly reduced in diabetic group compared with
that in normal control group, and MC treatment did not signifi-
cantly influence the values although the average value was less
in the treated group than that in untreated group.

Nerve sorbitol was increased more than 12-fold in diabetic
group compared with normal controls, and MC treatment
slightly but significantly suppressed this elevation (P < 0-05)
(Table 1). Nerve fructose was increased ninefold in diabetic
group compared with controls. MC treatment slightly
decreased the average value, but it was not significant.

Nerve conduction velocity

Diabetic group showed 26% reduction in MNCV and 30%
reduction in SNCV compared with those in normal control rats,
respectively (P < 0-01 for both)(Fig. 1). MC treatment improved
both MNCV by 15% (P < 001 vs. untreated diabetic rats) and
SNCV by 22% (P < 001 vs. untreated diabetic rats).

PKC alterations

Endoneurial nerve homogenates were separated into mem-
brane and cytosolic fractions. PKC activity of the membrane
fraction was significantly reduced to 75% level in diabetic rats
compared with the level of control rats (P < 0-01), while

MC treatment showed a significant recovery of the activity to
supranormal levels (P < 001 vs. untreated diabetic rats)

(Fig. 2a). On the other hand, PKC activity of the cytosolic
fraction was not significantly altered in diabetic rats.

Western blot analysis disclosed that PKCa was reduced in
the membrane fraction from diabetic rats, while PKCa in the
cytosolic reaction tended to increase (Fig. 2b). MC treatment
corrected these changes in both membrane and cytosolic frac-
tions. There was an elevated expression of PKCII in the mem-
brane fraction in diabetic rats. The cytosolic fractions of PKCBI
appeared to be reduced. MC treatment corrected these changes.
Comparison of the average values obtained from densitometric
analysis among the groups confirmed these changes, although
the changes in PKCpI were not significant (Fig. 2¢).

Immunohistochemistry
Immunohistochemically, PKCa and PKCB (both I and II) were
differentially expressed in the nerve. PKCa was expressed in
the Schwann cells, whereas PKCBI and II located in the mem-
brane of axoplasm, macrophages and the wall of endoneurial
microvessels (Fig. 3). There was a trend towards less expres-
sions of PKCa and more intensified expressions of PKCBII in
diabetic rats compared with those in normal control rats.
8-Hydroxydeoxyguanosine-positive cells were marked in
diabetic rats compared with normal control rats, and this
expression was suppressed in MC-treated diabetic rats

(Fig. 4a). In normal control rats, there were no or only a few
endoneurial Iba-1-positive macrophages (Fig. 4b). In contrast,
diabetic rats showed an abundance of Iba-1-positive cells. MC
treatment slightly suppressed the migration of macrophages,
but it was not significant. Quantitative analysis confirmed the
earlier findings (Fig. 4c).

Discussion

This study confirmed a significant NCV delay and decreased
PKC activity in peripheral nerve in STZ-induced diabetic rats.
The reduction in PKC activity was associated with reduced
expression of membranous PKCa [21,22]. In contrast, membra-
nous PKCPII expression was increased in diabetic rats, but this
change was not reflected by total PKC activity. MC treatment
effectively corrected the PKC activity and expression of PKCa,
together with improved NCV. It is noteworthy that the localiza-
tion of PKC isoform was quite distinct between PKCa of
Schwann cells and PKCp of axoplasm.

Protein kinase C is crucial to mediate cellular signalling and
to stimulate cell activity, protein synthesis and cell movement
[23,24]. PKC consists of many isoforms; a, BI, BII, v, 6 and oth-
ers. Increased PKC activity owing to augmented PKCp expres-
sions has consistently been demonstrated in cardiovascular
system in diabetic subjects [25,26], and as such clinical trial of
PKCB inhibitor for the treatment of diabetic neuropathy was
conducted [18,19]. It was not successful, however, in part
because of the fact that the role of PKC in neuropathic processes
is yet to be established. In fact, PKC activity in diabetic nerves
is differently reported in previous studies as elevated [27,28],
reduced [20,21] or not altered [29]. Our present results may
explain the reason for such contradictory results by differential
expression of PKC isoform. First, we confirmed our previous
findings of decreased PKC activity in the endoneurial fraction
of STZ-induced diabetic nerve [21,22,30], while epineurial vas-
cular system showed elevated PKC activity with PKCB overex-
pression [30]. Localization of PKCa in Schwann cells found in
this study was consistent with the data that cultured Schwann
cells exposed to high glucose showed decreased PKC activity
with reduced expression of PKCa [31]. On the other hand,
increased phosphorylation of PKCB in dorsal root ganglion
cells that was found in STZ-diabetic rats with elevated pain
sensation [27] may also be in agreement with our results of the
strong immunoreactions of PKCP in axoplasmic membrane in
diabetic rats. It is therefore likely that although total nerve PKC
activity may be suppressed, the beneficial effects of PKC
inhibitor previously reported [29] may be ascribed to the ame-
lioration of nerve blood flow as well as direct action of PKCS in
the soma of ganglion cells and axons shown in this study.

In previous studies, the altered PKC activity was closely
correlated with increased polyol pathway in diabetic nerve.
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Figure 4 Expression of oxidative stress-induced DNA damage and macrophage migration in the peripheral nerve in experimental
animals. (a) As revealed by immunohistochemistry, diabetic rats showed increased number of 8-hydroxydeoxyguanosine (80HdG)-
positive cells in the nerve, and this increase was significantly suppressed in methylcobalamin-treated diabetic rats. (b) In the periph-
eral nerve, there were an increased number of macrophages positive with Iba-1 immunoreactions in diabetic rats, and there was no
significant influence of methylcobalamin treatment on the macrophage migration in untreated diabetic rats. (c) Quantitative estima-
tion confirmed the findings. C, normal control rats; D, untreated diabetic rats; D+MC, methylcobalamin-treated diabetic rats. Bar

stands for SE. TP < 0-01vs. C, #P < 0-01 vs. D.

In this study, sorbitol accumulation was only partially inhib-
ited by MC treatment, whereas 80HdG-positive cells were
significantly reduced. It was shown that sorbitol accumulates
in tissues not only under hyperglycaemia but also ischae-
mic/hypoxic milieu [32,33]. In previous studies, sorbitol
levels in the sciatic nerve were not influenced by MC
despite the significant improvement in NCV in STZ-diabetic
rats [16]. It is therefore likely that the recovery of PKC
activity in MC-treated animals may not be directly depen-
dent on inhibition of polyol pathway but rather relate to the
changes in oxidative stress-induced damage. In this setting,
antioxidant effects of MC may be mediated by the synthesis
of cysteine donated from transmethylation of methionine

[34,35]. Alternatively, activation of metabolic signals as well
as protein synthesis by stimulation of nucleic acid metabo-
lism elicited by MC may also have contributed to the
improvement in PKC activity [36,37]. The consequence

of recovered PKC alterations may directly or indirectly
prevent the distal axonal fibre loss in the skin and enhance
nerve fibre regeneration. Indeed, recent experimental studies
demonstrated increased nerve fibre regeneration after crush
injury of the sciatic nerve by MC treatment through the
activation of cellular signalling of Akt and MAP kinase [38].
Upregulation of growth factor expressions like IGF-1 in the
nerve by MC treatment also resulted in amelioration of
neuropathic changes in STZ-diabetic rats [39].
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Figure 3 Topography of protein kinase C (PKC) isoform expressions as revealed by immunohistochemistry. PKCa isoform was
diffusely localized in the Schwann cell cytoplasm in the peripheral nerve. There was no significant alteration in diabetic nerve, and
methylcobalamin treatment did not influence the reactions. On the other hand, PKCBIl isoform was localized in the axoplasm of
nerve fibres. The membranous reaction of PKCBIl isoform was intensified in the axoplasm in diabetic rats, and the changes

were less marked in methylcobalamin-treated diabetic rats. C, normal control rats; D, untreated diabetic rats; D+MC,
methylcobalamin-treated diabetic rats.

In transgenic mice overexpressing human aldose reductase one improved PKC activity without affecting polyol levels
(AR), PKC activity was severely suppressed, and this change  [21]. Instead, it corrected the oxidative stress-induced dam-
was corrected by AR inhibitor [20,30]. In contrast, pioglitaz- age and macrophage migration in the endoneurium [21].
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Homocysteine levels in STZ-induced diabetic rats are known
to be low in contrast to the elevation in human type 2 diabetic
subjects (7,8,10,40]. The reason why homocysteine values are
low in STZ-diabetic rats is not clear. Nevertheless, the values
were further reduced in MC-treated animals. Hence, it is likely
that there is a dynamic regulatory system between homocyste-
ine and methionine by MC treatment, although the processes
may be different between nerve and blood.

Acknowledgements

The authors are grateful for a kind supply of methylcobalamin
to Eisai Co. Ltd., Japan. Excellent technical help of Ms. Akiko
Sugawara and Kaori Okamoto is appreciated. There is no
duality of interest in all the listed authors.

Contributions of authors

Mizukami H conducted the experiment and summarized the
data (40% contribution), Ogasawara S helped all the experiment
with animal care and conducted biochemical analysis (30%
contribution), Yamagishi SI measured nerve function and PKC
(10% contribution), Takahashi K conducted immunohistochem-
istry and helped animal care (10% contribution), and Yagihashi
S designed the experiment and wrote the manuscript (10%
contribution).

Address

Department of Pathology and Molecular Medicine, Hirosaki
University Graduate School of Medicine, 5 Zaifu-cho, Hirosaki,
036-8562 Japan (H. Mizukami, S. Ogasawara, S.-I. Yamagishi, K.
Takahashi, S. Yagihashi).

Correspondence to: Dr Soroku Yagihashi, Department of
Pathology and Molecular Medicine, Hirosaki University Grad-
uate, School of Medicine, 5 Zaifu-cho, Hirosaki 036-8562 Japan.
Tel.: 81 172 39 5025; fax: 81 172 39 5026; e-mail: yagihasi@cc.
hirosaki-u.ac.jp

Received 15 August 2010; accepted 19 October 2010

References

1 Bourre JM. Effects of nutrients (in food) on the structure and
function of the nervous system: update on dietary requirements
for brain. Part 1: micronutrients. | Nutr Health Aging
2006;10:377-85.

2 Scalabrino G, Peracchi M. New insights into the pathophysiology of
cobalamin deficiency. Trends Mol Med 2006;12:247-54.

3 Metz]. Cobalamin deficiency and the pathogenesis of nervous
system disease. Annu Rev Nutr 1992;12:59-79.

4 Banerjee R, Ragsdale SW. The many faces of vitamin B12: catalysis
by cobalamin-dependent enzymes. Annu Rev Biochem 2003,72:
209-47.

5 Miller A, Korem M, Almog R, Galboiz Y. Vitamin B12, demyelina-
tion, remyelination and repair in multiple sclerosis. | Neurol Sci
2005;233:93-7.

6 Wang J, Dudman NP, Wilcken DE, Lynch JF. Homocysteine catabo-
lism: levels of 3 enzymes in cultured human vascular endothelium
and their relevance to vascular disease. Atherosclerosis 1992;97:
97-106.

7 Austin RC, Lentz SR, Werstuck GH. Role of hyperhomocysteinemia
in endothelial dysfunction and atherothrombotic disease. Cell Death
Differ 2004;11(Suppl 1):S56-64.

8 Nguyen TT, Alibrahim E, Islam FM, Klein R, Klein BE, Cotch MF
et al. Inflammatory, hemostatic, and other novel biomarkers for dia-
betic retinopathy: the multi-ethnic study of atherosclerosis. Digbetes
Care 2009;32:1704-9.

9 Hodis HN, Mack W], Dustin L, Mahrer PR, Azen SP, Detrano R et al.
BVAIT Research Group. High-dose B vitamin supplementation and
progression of subclinical atherosclerosis: a randomized controlled
trial. Stroke 2009;40:730~6.

10 Shargorodsky M, Boaz M, Pasternak S, Hanah R, Matas Z, Fux A
et al. Serum homocysteine, folate, vitamin B12 levels and arterial
stiffness in diabetic patients: which of them is really important in
atherogenesis? Diabetes Metab Res Rev 2009;25:70-5.

11 Yaqub BA, Siddique A, Sulimani R. Effects of methylcobalamin on
diabetic neuropathy. Clin Neurol Neurosurg 1992;94:105-11.

12 Kuwabara S, Nakazawa R, Azuma N, Suzuki M, Miyajima K, Fuku-
take T et al. Intravenous methylcobalamin treatment for uremic and
diabetic neuropathy in chronic hemodialysis patients. Intern Med
1999;38:472-5.

13 SunY, Lai MS, Lu CJ. Effectiveness of vitamin B12 on diabetic neu-
ropathy: systematic review of clinical controlled trials. Acta Neurol
Taiwan 2005;14:48-54.

14 Yagihashi S, Tokui A, Kashiwamura H, Takagi S, Imamura K.

In vivo effect of methylcobalamin on the peripheral nerve structure
in streptozotocin diabetic rats. Horm Metab Res 1982;14:10-3.

15 Yagihashi S. Diabetic neuropathy and vitamin B12. In: Kobayashi T,
Vitamins and Biofactors in Life Science Tokyo: Center for Academic
Publications Japan; 1992: pp 122-125. ] Nutr Sci Vitaminol, Tokyo,
Special issue.

16 Sonobe M, Yasuda H, Hatanaka [, Terada M, Yamashita M, Kikkawa
R et al. Methylcobalamin improves nerve conduction in streptozoto-
cin-diabetic rats without affecting sorbitol and myo-inositol contents
of sciatic nerve. Horm Metab Res 1988;20:717-8.

17 Eichberg J. Protein kinase C changes in diabetes: is the concept
relevant to neuropathy? Int Rev Neurobiol 2002;50:61-82.

18 Das Evcimen N, King GL. The role of protein kinase C activation
and the vascular complications of diabetes. Pharmacol Res
2007;55:498-510.

19 Casellini CM, Barlow PM, Rice AL, Casey M, Simmons K,
Pittenger G et al. A 6-month randomized, double-masked,
placebo-controlled study evaluating the effects of the protein
kinase C-beta inhibitor ruboxistaurin on skin microvascular blood
flow and other measures of diabetic peripheral neuropathy.
Diabetes Care 2007;30:896-902.

20 Yagihashi S, Yamagishi SI, Wada Ri R, Baba M, Hohman TC, Yabe-
Nishimura C et al. Neuropathy in diabetic mice overexpressing
human aldose reductase and effects of aldose reductase inhibitor.
Brain 2001;124:2448-58.

21 Yamagishi S, Ogasawara S, Mizukami H, Yajima N, Wada R,
Sugawara A et al. Correction of protein kinase C activity and
macrophage migration in peripheral nerve by pioglitazone,
peroxisome proliferator activated-gamma-ligand, in insulin-
deficient diabetic rats. | Neurochem 2008;104:491-9.

22 Uehara K, Yamagishi S, Otsuki S, Chin S, Yagihashi S. Effects of
polyol pathway hyperactivity on protein kinase C activity,

449 © 2010 The Authors. European Journal of Clinical investigation © 2010 Stichting European Society for Clinical Investigation Journal Foundation

— 119 —



METHYLCOBALAMIN AND PKC IN DIABETIC NEUROPATHY

nociceptive peptide expression, and neuronal structure in dorsal
root ganglia in diabetic mice. Diabetes 2004;53:3239-47.

23 AlviF, Idkowiak-Baldys ], Baldys A, Raymond JR, Hannun YA. Reg-
ulation of membrane trafficking and endocytosis by protein kinase
C: emerging role of the pericentrion, a novel protein kinase
C-dependent subset of recycling endosomes. Cell Mol Life Sci
2007;64:263-70.

24 Brognard ], Newton AC. PHLiPPing the switch on Akt and protein
kinase C signaling. Trends Endocrinol Metab 2008;19:223-30.

25 Meier M, Menne ], Haller H. Targeting the protein kinase C family
in the diabetic kidney: lessons from analysis of mutant mice.
Diabetologia 2009;52:765-75.

26 Potenza MA, Gagliardi S, Nacci C, Carratu’ MR, Montagnani M.
Endothelial dysfunction in diabetes: from mechanisms to
therapeutic targets. Curr Med Chem 2009;16:94-112.

27 Kim H, Sasaki T, Maeda K, Koya D, Kashiwagi A, Yasuda H. Protein
kinase Cp selective inhibitor LY333531 attenuates diabetic
hyperalgesia through ameliorating cGMP level of dorsal root
ganglion neurons. Diabetes 2003;52:2102-9.

28 Roberts RE, McLean WG. Protein kinase C isozyme expression in
sciatic nerves and spinal cords of experimentally diabetic rats. Brain
Res 1997;754:147-56.

29 Nakamura J, Kato K, Hamada Y, Nakayama M, Chaya S, Nakashima
E et al. A protein kinase C-beta-selective inhibitor ameliorates neural
dysfunction in streptozotocin-induced diabetic rats. Diabetes
1999;48:2090-5.

30 Yamagishi S, Uehara K, Otsuki S, Yagihashi S. Differential influence
of increased polyol pathway on protein kinase C expressions
between endoneurial and epineurial tissues in diabetic mice.

J Neurochem 2003;87:497-507.

31 Kamiya H, Nakamura J, Hamada Y, Nakashima E, Naruse K, Kato
K et al. Polyol pathway and protein kinase C activity of rat
Schwannoma cells. Diabetes Metab Res Rev 2003;19:131-9.

32 Hwang YC, Shaw S, Kaneko M, Redd H, Marrero MB, Ramasamy R.
Aldose reductase pathway mediates JAK-STAT signaling: a novel
axis in myocardial ischemic injury. FASEB J 2005;19:795-7.

33 Yagihashi S, Mizukami H, Ogasawara S, Yamagishi 5, Nukada H,
Kato N et al. The role of the polyol pathway in acute kidney
injury caused by hindlimb ischaemia in mice. ] Pathol 2010;220:
530-41.

34 Veber D, Mutti E, Tacchini L, Gammella E, Tredici G, Scalabrino G.
Indirect down-regulation of nuclear NF-kappaB levels by cobala-
min in the spinal cord and liver of the rat. ] Neurosci Res
2008;86:1380-7.

35 Birch CS, Brasch NE, McCaddon A, Williams JH. A novel role for
vitamin B(12): Cobalamins are intracellular antioxidants in vitro.
Free Radic Biol Med 2009;47:184-8.

36 Yamatsu K, Yamanishi Y, Kaneko T, Ohkawa 1. Pharmacological
studies on degeneration and regeneration of the peripheral nerves.
(2) Effects of methylcobalamin on mitosis of Schwann cells and
incorporation of labeled amino acid into protein fractions of crushed
sciatic nerve in rats. Nippon Yakurigaku Zasshi 1976;72:269-78.

37 Scalabrino G, Buccellato FR, Veber D, Mutti E. New basis of the
neurotrophic action of vitamin B12. Clin Chem Lab Med 2003;41:
1435-7.

38 Okada K, Tanaka H, Temporin K, Okamoto M, Kuroda Y, Moritomo
H et al. Methylcobalamin increases Erk1/2 and Akt activities
through the methylation cycle and promotes nerve regeneration in a
rat sciatic nerve injury model. Exp Neurol 2010;222:191-203,

39 Jian-bo L, Cheng-ya W, Jia-wei C, Xiao-lu L, Zhen-ging F, Hong-tai
M. The preventive efficacy of methylcobalamin on rat peripheral
neuropathy influenced by diabetes via neural IGF-1 levels. Nutr
Neurosci 2010;13:79-86.

40 Jacobs RL, House JD, Brosnan ME, Brosnan JT. Effects of streptozo-
tocin-induced diabetes and of insulin treatment on homocysteine
metabolism in the rat. Diabetes 1998;47:1967-70.

European Journal of Clinical Investigation Vol 41 450

— 120 —






