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Benfotiamine alleviates diabetes-induced cerebral oxidative damage
independent of advanced glycation end-product, tissue factor andxTNF-
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Abstract

Diabetes mellitus leads to thiamine deficiency and multiple organ damage including diabetic neuropathy. This study was designed to examin
the effect of benfotiamine, a lipophilic derivative of thiamine, on streptozotocin (STZ)-induced cerebral oxidative stress. Adult male FVB mice
were made diabetic with a single injection of STZ (200 mg/kg, i.p.). Fourteen days later, control and diabetic (fasting blood glucose >13.9 mM)
mice received benfotiamine (100 mg/kg/day, i.p.) for 14 days. Oxidative stress and protein damage were evaluated by glutathione/glutathion
disulfide (GSH/GSSG) assay and protein carbonyl formation, respectively. Pro-oxidative or pro-inflammatory factors including advanced glycation
end-product (AGE), tissue factor and tumor necrosis fagt¢FNF-o) were evaluated by immunoblot analysis. Four weeks STZ treatment led
to hyperglycemia, enhanced cerebral oxidative stress (reduced GSH/GSSG ratio), elevaieddNARGE levels without changes in protein
carbonyl or tissue factor. Benfotiamine alleviated diabetes-induced cerebral oxidative stress without affecting levels of AGE, protein carbonyl
tissue factor and TN Collectively, our results indicated benfotiamine may antagonize diabetes-induced cerebral oxidative stress through a
mechanism unrelated to AGE, tissue factor and TdNF-
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Diabetic neuropathy is a debilitating disorder affectin§0%  and diabetic neuropathy possibly through inhibition of advanced
diabetic patients. The primary phenotypes of diabetic neuropaglycation end-product (AGE) formatioji0,11,23] AGE for-
thy are manifested as sensorimotor and autonomic neuropatimyation is believed to play an important role in the etiology
due to damage of cerebral nerve fibers. Diabetic neuropathyf diabetic complications through binding to its cell-surface
is associated with high mortality and thus requires stringenteceptor, RAGE, thus leading to generation of intracellular reac-
and aggressive treatment against hyperglycemia, hyperinsulinéve oxygen species and alteration of gene expred4idr22].
mia, dyslipidemia and neurovascular damdgel5]. Recent The therapeutic potential of thiamine against diabetic compli-
progress towards understanding the mechanisms responsible frations is in accordance with the notion of a severe thiamine
nerve fiber degeneration and regeneration has facilitated modeficiency in diabetes due to excessive oxidative s{eg20]
targeted approaches for the treatment of diabetic neuropathy has been indicated that glucose autoxidation as a result of
including enzymatic and non-enzymatic antioxidafis]. In enhanced oxidative stress may oxidize thiamine into its biolog-
addition, lifestyle changes such as smoking cessation, weiglitally inactive products thiochrome and oxodihydrothiochrome
control, regular exercise and dietary restriction are beneficial tfl7]. Deficiencies in B series vitamins (such as thiamine) and
the primary care for diabetes and diabetic neuropHithjy Nev-  folic acid, which are essential for DNA synthesis and repair, are
ertheless, none of these therapeutic strategies is deemed radiaalong the key causative factors for diabetic end organ damage
for ultimate management of this devastating diabetic complicafl7]. To further examine the impact of thiamine or its deriva-
tion. Evidence suggests that thiamine and its lipophilic derivativeives on cerebral function in diabetes, experimental diabetes was
benfotiamine may alleviate symptoms of diabetic retinopathyinduced with streptozotocin (STZ) in adult FVB albino mice.
Both control and diabetic mice received 14-day treatment of ben-
fotiamine. Oxidative stress, protein carbonyl formation, levels
* Corresponding author. Tel.: +1 307 766 6131; fax: +1 307 766 2953,  Of AGE, tissue factor and tumor necrosis factoft NF-«) were
E-mail address: jren@uwyo.edu (J. Ren). evaluated.

0304-3940/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2005.10.022



S. Wu, J. Ren / Neuroscience Letters 394 (2006) 158—162 159

The procedures described here were approved by the Instf 20% TCA was added and samples were centrifuged for 3 min.
tutional Animal Care and Use Committee of University of The resultant supernatant was discarded, the pellet was washed
Wyoming (Laramie, WY). In brief, eight week-old male FVB in ethanol:ethyl acetate and allowed to incubate at room tem-
albino mice (18t 2 g) were injected with a single dose of strep- perature for 10 min. The samples were centrifuged again for
tozotocin (STZ, 200 mg/kg., i.p. in 0.01 M citrate buffer with a 3min and the ethanol:ethyl acetate steps were repeated twice
pH of 4.3)[9]. Weight-matched non-diabetic mice received cit- more. The precipitate was resuspended in 6 M guanidine solu-
rate buffer only. Fasting blood glucose level was examined aftetion, centrifuged for 3min and insoluble debris was removed.
3 days of STZ injection and diabetes was confirmed by fasting he maximum absorbance (360—-390 nm) was read against blank
blood glucose value of 13.9 mM or higher using ACCU-CHEK (2 M HCI) and carbonyl content was calculated using the molar
Advantage Glucometer (Boehringer Mannheim Diagnosticsabsorption coefficient of 22,000 cm~—1 [12].

Indianapolis, IN). On day 15 of STZ or citrate buffer injection,  Cerebral cortex was thawed and homogenized on ice in
both diabetic and non-diabetic mice were randomly divided intd?IPA lysis buffer. Lysate protein (30g) was diluted with
two experimental groups. One diabetic and one non-diabeticaemmli sample buffer (1:2 w/w) and was resolved on a 10-15%
group were given gavage of benfotiamine (100 mg/kg/day) foiSDS polyacrylamide gel under reducing condition. SeeBlue
two weeks. Selection of the benfotiamine dose and duratioRlus®Prestained SDS—-PAGE standards were used with each
of treatment were based on previously published {3&10] gel to determine the approximate molecular weight of detected
Mice were maintained on a 12 h light/12 h dark cycle and weréands. Gels were transferred to polyvinylidene difluoride mem-
allowed access to food and water ad libitum. The mortality ratdoranes (Millipore) using a semidry transfer apparatus (Bio-
in STZ-induced diabetic mice was25% and was seemingly Rad) at 100V for 100 min. The membrane was then blocked
lesser in STZ mice with benfotiamine treatment. All mice werewith TBS-0.05% Tween 20 (TBS-T) with 5% nonfat dry milk
sacrificed four weeks after STZ or citrate injection and brainfor 60 min and incubated with mouse anti-AGE monoclonal
tissues (hearts also for tissue factor level) were removed, sndft:1000, Trans Genic Inc., Japan), purified Armenian hamster
frozen and stored at80°. anti-mouse TNFe (1: 1000, Biolegend, San Diego), rabbit anti-

Glutathione and glutathione disulfide levels were determinednouse tissue factor (5.9&/ml, kindly provided by Dr. James
and the ratio of GSH/GSSG was used as an indicator for oxidad. Morrissey, University of lllinois at Urbana-Champaign,
tive stress. In brief, cerebral cortex was homogenized in 4Jrbana, IL) and antp-actin (1:5000) antibodies in TBS-T with
volumes (w/v) of 1% picric acid. Acid homogenates were cen5% BSA overnight at 4C. The membrane was washed three
trifuged at 16,000 g (30 min) and supernatant fractions col- timesfor 15 minin TBS-T, incubated with horse anti-mouse IgG,
lected. Supernatant fractions were assayed for total GSH antdRP-linked antibody (1:5000, Cell Signaling), horse aratbbit
GSSG by the standard recycling method. The procedure corgG, HRP-linked antibody (1:5000, Cell Signaling), goat anti-
sisted of using one-half of each sample for GSSG determinatioArmenian Hamster IgG (1:5000 Research Diagnostic Inc., NJ)
and the other half for GSH. Samples for GSSG determinatioffior 1 h at room temperature, and washed three times forl5 min
were incubated at room temperature withl2f 4-vinyl pyri- with TBS-T. The membrane was then exposed to 2ml of a
dine (4-VP) per 10Q.1 sample for 1 h after vigorous vortexing. mixture of luminol plus hydrogen peroxide under alkaline con-
Incubation with 4-VP conjugates any GSH present in the samplditions (SuperSign&l West Dura Extended Duration Substrate,
so that only GSSG is recycled to GSH without interference byPierce, Rockford, IL) for 1 min, and the resulting chemilumi-
GSH. The GSSG (as GSHx2) was then subtracted from the totalescent reaction was detected by Kodak X-OMAT AR Film
GSH to determine actual GSH level and GSH/GSSG [a8j. (Eastman Kodak, Rochester, NY3]. For all Western blot

To assess oxidative protein damage, the carbonyl content afhalysis experimentg-actin was used as an internal loading
protein was extracted from cerebral cortex and was lysed to presontrol.
vent proteolytic degradation. Nucleic acids were eliminated by Data were presented as Mears.E.M. Statistical signifi-
treating samples with 1% streptomycin sulfate for 15 min fol-cance f <0.05) for each variable was estimated by analysis of
lowed by centrifugation (11,000 ¢ for 10 min). Protein was variance (ANOVA) using Dunnett’s test as the post hoc analysis.
precipitated by adding an equal volume of 20% trichloroacetic Four weeks of STZ treatment significantly increased fasting
acid (TCA) to protein (0.5mg) and centrifuged for 1 min. The blood glucose levels and reduced body weight gain. Two weeks
TCA solution was removed and the sample resuspended iof benfotiamine treatment (100 mg/kg/day) did not elicit any
10 mM 2,4-dinitrophenylhydrazine (2,4-DNPH) solution. Sam-significant effect on fasting blood glucose levels and body weight
ples were incubated at room temperature for 15—-30 minp®b00 in either control or STZ diabetic mouse grouable J).

(TBatlabr:Zril features of control or STZ-induced diabetic mice with or without benfotiamine treatment (100 mg/kg/day for 14 days)

Mouse group Control (11) Control-benfotiamine (12) Diabetic (12) Diabetic-benfotiamine (13)
Body weight (g) 24.2+ 0.6 24.4+ 0.5 21.3+ 0.9 213+ 1.12

Glucose (mM) 4.88+ 0.43 5.42+ 0.38 24.95+ 1.07 2431+ 158

Mean+ S.E.M.

@ p<0.05 vs. corresponding control groups): (humber of animals.
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Fig. 1. GSH (panel A), GSSG (panel B), GSH/GSSG ratio (panel C) and protein carbonyl formation (panel D) in cerebral cortex from control or STZ-induced
diabetic mice with or without benfotiamine (BT, 100 mg/kg/day for 2 weeks) treatment. M&.M.,n=6-12 samples per groufy <0.05 vs. corresponding
control group.

Diabetes is associated with enhanced oxidative stress leathay be predominantly responsible for diabetes-induced cere-
ing to irreversible damage of membrane prot¢#. GSHand  bral cortex oxidative stress and/or (2) benfotiamine antagonizes
GSSG levels are commonly used markers for oxidative stres®GE-RAGE interaction-induced oxidative stress may occur at
A low GSH/GSSG ratio suggests increased oxidative stres@r downstream of RAGE receptor. Other possible explanation
Result inFig. 1 indicates that 4 weeks STZ treatment signif- cannot be excluded at this time including alteration in glucose
icantly enhanced GSSG levels without affecting that of GSHmetabolism and protein kinase C activatj6ri8]. Benfotiamine
As a result, the GSH/GSSG ratio was significantly reduced irhas been shown to participate in glucose metabolism via acti-
STZ-induced diabetic cerebral cortex, indicative of enhancedation of the pentose phosphate pathway enzyme transketolase,
cerebral oxidative stress. Protein carbonyl formation, an indicathus facilitating conversion of glyceraldehyde-3-phosphate and
tive of protein damage, was not altered by 4 weeks STZ-induceffuctose-6-phosphate into pentose-5-phosphfit@sl7] Ele-
diabetes. Interesting, benfotiamine treatment ablated diabetegated TNFe production has been demonstrated in diabetes
induced increase in GSSG levels and reduced GSH/GSSG ratitm promote microvascular permeability, hypercoagulability and
Neither protein carbonyl formation nor GSH levels was affectecherve damag¢21]. Clinical agents antagonizing TNé&-may
by benfotiamine. Since AGE accumulation is often considerednhibit development and exacerbation of chronic diabetic com-
as a main source for oxidative strg¢$8,22] the levels of AGE plications[21]. Our observation that benfotiamine treatment
was evaluated by immunoblot along with pro-inflammatory bio-failed to produce any overt effect on elevated Tifevels in
markers TNFa and tissue factor. In agreement with elevateddiabetes indicates that inhibition of this pro-inflammatory medi-
oxidative stress in STZ-induced diabetic group, the levels oftor is unlikely a main reason for benfotiamine-elicited cerebral
AGE and TNFe were significantly increased in diabetic cere- protection. Not surprisingly, no evidence is available suggesting
bral cortex following 4 weeks of STZ treatment. However, ben-any effect of benfotiamine on TN&-production or breakdown.
fotiamine treatment failed to alter diabetes-induced elevation oft is noteworthy that we failed to observe any change in pro-
AGE and TNFe. We also examined the levels of circulating tein carbonyl formation or tissue factor (both cerebral cortex
tissue factor in both cerebral cortex and heart ventricles. Leveland heart tissue) following 4 weeks of STZ treatment. Although
of tissue factor were not affected by either STZ treatment odiabetes has been associated with protein oxidative damage, ele-
benfotiamine in either orgarrig. 2). vation in tissue factor and hypercoagulability], the period of

The major finding of our study is that the lipophilic deriva- diabetes employed in our present study (4 weeks) may not be
tive of thiamine benfotiamine elicits beneficial effect on dia-long enough to induce such changes in cerebral protein dam-
betic cerebral cortex damage through a mechanism associatage and tissue factor elevation. The relatively short period of
with reduction in oxidative stress but unlikely related to proteindiabetes is also believed to be responsible for the negative find-
carbonyl formation nor accumulation of AGE, TNFand tis- ing of diabetes or benfotiamine on AGE formation compared
sue factor. AGE accumulation is usually considered the maimvith those published elsewhefd. Nevertheless, our data pro-
source of oxidative in diabetes mellit{]. The apparent dis- vided evidence that benfotiamine may alleviate diabetic cerebral
crepancy in benfotiamine-elicited effects on AGE formationcortex oxidative stress through a mechanism(s) unrelated to
and oxidative stress (GSH/GSSG ratio) in diabetic cerebrabhGE. Last but not the least, our data revealed that benfotiamine
cortex indicates that: (1) an AGE-independent mechanism(dpiled to reconcile STZ-induced body weight loss, suggesting
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Fig. 2. Western blot analysis of AGE (panel B), TMHpanel C) and tissue factor (panel D) in cerebral cortex from control or STZ-induced diabetic mice with or
without benfotiamine (BT, 100 mg/kg/day for 2 weeks) treatment. Panel A displays actual gel blotting using anti-AGE, aatafllBnti-tissue factor antibodies.
Tissue factor expression was also examined in heart tissue for comparisor:d8eEM.,n = 5-12 samples per groufy < 0.05 vs. control group.

the thiamine derivative does not likely interfere with diabetes- [3] R. Babaei-Jadidi, N. Karachalias, C. Kupich, N. Ahmed, P.J. Thornalley,

induced anorexic effect although potential direct toxicity from  High-dose thiamine therapy counters dyslipidaemia in streptozotocin-
STZ should not be ruled out at this point. induced diabetic rats, Diabetologia 47 (2004) 2235—-2246.
| findi led that benfoti . t _[4] Balabolkin, M.1., Kreminskaia,V.M., [Diabetic neuropathy], Zh. Nevrol.
In summary, our indings revealed that bentotiamine antag-" * pgjyhiatr, Im s. S. Korsakova, 100 (2000) 57-64.
onizes cerebral cortex oxidative stress in STZ-induced diabetigs) g, eltramo, E. Berrone, S. Buttiglieri, M. Porta, Thiamine and ben-
mouse brain through a mechanism(s) unlikely dependent upon fotiamine prevent increased apoptosis in endothelial cells and pericytes
AGE formation, TNFe or tissue factor. Given what we know cultured in high glucose, Diabetes Metab Res. Rev. 20 (2004) 330-336.

about the ability of benfotiamine. thiamine and other B series [6] M. Brownlee, Biochemistry and molecular cell biology of diabetic com-
’ plications, Nature 414 (2001) 813-820.

wtamms to promote (?e” survival and a_‘”eVIate d_labetlc C‘?”_‘p"' [7] N.E. Cameron, T.M. Gibson, M.R. Nangle, M.A. Cotter, Inhibitors of
Cat|0n5[1—315:17] the m-de_pth _me(_:hamsm of aC“O'.'] and Cl_m'Ca_l advanced glycation end product formation and neurovascular dysfunction
value of employing benfotiamine in the therapeutics of diabetic  in experimental diabetes, Ann. N. Y. Acad. Sci. 1043 (2005) 784-792.

neurological diseases warrants further investigation. [8] J. Duan, H.Y. Zhang, S.D. Adkins, B.H. Ren, F.L. Norby, X. Zhang,
J.N. Benoit, P.N. Epstein, J. Ren, Impaired cardiac function and IGF-I

response in myocytes from calmodulin-diabetic mice: role of Akt and
RhoA, Am. J. Physiol Endocrinol. Metab. 284 (2003) E366—E376.
[9] B.Il. Gaynes, J.B. Watkins IIl, Carbon tetrachloride and the sorbitol
. . . th in the diabeti ,C . Biochem. Physiol. B 94 (1989
The authors would like to thank Dr. James H. Morrissey, Uni- 2%_";‘?; in the diabefic mouse, Lomp. Blochem. Fhysio (1989)
yersny 0””"'.‘0'3 zi_tUrbana-Qhampalgn (Urpana, IL) for prOV.Id- [10] H.P. Hammes, X. Du, D. Edelstein, T. Taguchi, T. Matsumura, Q. Ju, J.
ing the rabbit anti-mouse tissue factor antibody and Ms. Cindy  Lin, A. Bierhaus, P. Nawroth, D. Hannak, M. Neumaier, R. Bergfeld, I.
X. Fang for her assistance in Western blot analysis. This work  Giardino, M. Brownlee, Benfotiamine blocks three major pathways of

was Supported in part by grants from a University of \Nyoming hyperglycemic damage and prevents experimental diabetic retinopathy,
Nat. Med. 9 (2003) 294-299.
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